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(O^f  hiring  BEARING  STAKE  measurements  were  made  for  determining  the  array  phase  coherence  and  the 
array  signal  gain  for  long,  horizontal  line  arrays  receiving  multipath  signals  from  long-range,  narrowband,  low-  — 
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'‘frequency  towed  CW  sources  in  the  Northwestern  Indian  Ocean.  A bottom-mounted  and  two  mid-depth  tow-ed 
arrays  were  used.  The  phase  coherence  and  the  array  signal  gain  results  for  these  arras s are  presented  and  compared. 
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as  well  as  seamounts.  This  variability  is  the  dominant  characteristic  of  this  body  of  water  wlien  the  performance  of 
long  horizontal  acoustic  arrays  is  considered. -Thence,  a general  assessment  of  signal  coherence  for  the  Northwestern 
Indian  Ocean,  based  on  the  BEARING  STAKE  data,  is  as  follows.  The  coherence  will  be  a manageable  problem  for 
the  performance  of  long  bottom-mounted  and  mid-depth  towed  array  systems  used  for  surveillance  if  sufficient 
rangewise  sampling  is  employed  and  the  towed  arrays  are  nor  operated  in  the  depth  region  of  complex  sound 
speed  profile  structure. 
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(C)  During  BEARING  STAKE  measurements  were  made  for  determining  coherence 
for  a bottom-mounted  and  two  mid-depth  towed  arrays  near  five  sites  in  the  Northwestern 
Indian  Ocean.  These  measurement  data  were  digitized  and  processed  on  the  NOSC 
UNI  VAC  11 1 0 to  produce  the  phase  coherence  Cp  and  the  anay  signal  gain  ASG  versus 
range  and  frequency  for  several  projector  tows  surveying  much  of  the  Northwestern  Indian 
Ocean.  The  amplitude  fluctuation  and  S/N  (the  signal  plus  noise  to  noise  ratio)  were 
also  computed.  Corrections  to  the  C_  and  ASG  data  for  low  S/N  were  not  attempted.  This 
report  concerns  only  cases  in  which  the  S/N  is  high  enough  that  ihe  noise  correction  is 
negligible. 


RESULTS  (U) 

<C)  Since  the  Northwestern  Indian  Ocean  is  usually  bottom-limited  and  the  sound 
speed  profiles  arc  complex,  a considerable  rangewisc  variability  exists  in  the  plots  of  phase 
coherence  and  array  signal  gain  for  this  multipath  environment.  This  variability  increases 
due  to  the  presence  of  irregular  bottom  slopes  as  well  as  seamounts  for  mid-depth  towed 
arrays.  This  variability  is  the  dominant  characteristic  of  this  body  of  water  when  the  per- 
formance of  long  horizontal  acoustic  arrays  is  considered.  Thence,  a general  assessment 
of  signal  coherence  for  the  Northwestern  Indian  Ocean,  based  on  the  BEARING  STAKE 
data,  is  as  follows.  The  coherence  will  be  a manageable  problem  for  the  performance  of 
large  aperture  bottom-mounted  and  raid-depth  towed  array  systems  used  for  surveillance  if 
sufficient  rangewisc  sampling  is  employed  and  the  towed  arrays  are  not  operated  in  the 
depth  region  of  complex  sound-speed  profile  structure.  From  the  detailed  area  assessment 
to  follow  several  conclusions  can  be  reached  about  the  performance  of  large  aperture, 
horizontal  acoustic  arrays  in  the  Northwestern  Indian  Ocean. 

! . (U)  The  degree  of  amplitude  fluctuation,  as  measured  by  Z^,  does  not  change 
much  with  frequency  and  is  largely  range  independent  up  to  about  1000  km.  even  over 
irregular  sloping  bottoms. 

2.  <U)  The  phase  coherence  and  the  array  signal  gain  decrease  severely  with  increas- 
ing frequency,  even  when  the  S/N  values  remain  high  enough  to  render  noise  corrections 
negligible. 

3.  (U?  The  phase  coherence  and  the  array  signal  gain  arc  generally  range  independ- 
ent up  to  about  1 000  km  except  when  the  projector  is  passing  over  an  irregular  sloping 
bottom.  They  decrease  and  become  more  variable  for  a mid-depth  towed  array,  but  not  for 
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a bottom-mounted  array . when  the  projector  is  passing  os  er  an  irregular  sloping  bottom. 
This  behavior  max  iefle*.t  the  importance  of  bottom  propagated  sound  paths  for  a bottom- 
mounted  array. 

4.  (L't  The  phase  coherence  and  the  array  signal  gain  are  widely  variable  with 
range  due  to  multipath  interference  in  a bottom-limited  environment  with  a complex  sound- 
speed  profile  and  become  more  variable  in  an  irregular  bottom  slope  region  for  a mid-depth 
towed  army  hut  not  for  a bottom-mounted  array . They  were  less  variable  at  the  only  site 
whe*v  propagation  was  not  bottom-limited. 

5.  tO  it  appears  that  for  the  bottom-limited  regions  of  the  Northwestern  Indian 
Ocean,  the  phase  coherence  and  the  array  signal  gain  behavior  of  bottom-mounted  ar.d  mid- 
depth towed  (above  the  depth  region  of  sound-speed  profile  complexity  ) arrays  are  essen- 
tially the  same  except  when  the  projector  i>  passing  over  an  irregular  sloping  bottom. 

<>.  < l’ > The  sensor  spacing  configuration  for  the  bottom-mounu  d array  was  con- 
siderably different  from  that  for  the  mid-depth  towed  arrays.  To  obtain  l more  accurate 
comparison  of  a towed  array  with  the  bottom-mounted  array,  a subset  to'-ed  array  (con- 
figured similarly  >n  >cnsor  spacing  to  the  bottom-mounted  array  ) was  studied.  It  was  found 
that  the  bottom-mounted  array  perforated  essentially  the  same  as  the  subset  towed  array 
(except  in  the  irregular  bottom  slope  region.1.  The  subset  lowed  array  performed  essentially 
the  same  as  the  total  array  for  phase  coherence  and  array  signal  gain. 

“.  (O  In  the  Northwestern  Indian  Ocean  the  surveillance  performance  of  towed 
array  s may  he  significantly  dependent  upon  the  array  tow  depth  due  to  the  presence  of  a 
mid-depth  region  of  sound-speed  profile  complexity . 

S (L  ) When  sound  was  received  by  a mid-depth  towed  array  from  behind  a sea- 
mount. the  phase  coherence  and  the  array  signal  gam  were  often  low  due  to  the  reduced 
S N values. 


RECOMMENDATIONS  (U) 

1 . (L  ) Changing  and  incrementing  the  averaging  time  intervals  would  be  interest- 
ing in  conjunction  with  a study  of  the  detailed  acoustic  structure  behind  the  sampled  values 
of  C’p  and  AST.  used  in  this  report.  This  would  show  how  the  regions  of  sound-speed  profile 
complexity  influence  and  A SO  and  would  lead  to  estimates  of  the  optimum  averaging 
time  interval  as  a function  of  array  tow  depth. 

2.  (IT  It  would  be  useful  to  directly  investigate  the  effects  on  coherence  vari- 
ability of  the  complex  sound-speed  profiles  by  lowing  an  array  above  anil  then  within  this 
highly  structured  profile  region. 

a.  (I  t it  is  recommended  that  more  LATA  data  (Site  5)  be  processed. 

4.  (Cl  The  surveillance  behavior  of  bottom-mounted  arrays  could  be  better 
understood  by  investigating  and  modeling  the  possibility  of  holKsn  propagation  paths  in 
the  Northwestern  Indian  Ocean. 

5.  <U)  It  is  recommended  that  in  future  tests  in  the  Northwestern  Indian  Ocean. 

much  longer  signal  periods  (say . 25  min  for  signal  and  5 min  for  noise  as  a duty  cycle)  be 

used  at  a single  low  frequer.cv . This  would  allow  a more  detailed  study  of  the  rangewise 

>tructurc  of  Cp  and  AS( « and  permit  better  verification  of  a sound  propagation  model  of 

coherence  behavior.  , 

o 
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(U>  NOTATION  (U> 

AT.  averaging  time  interval,  sec 
Aa.  averaging  amplitude  of  Eq.  ( A-l  6) 

«1>.  bearing  of  source  from  Eq.  (A-3).  deg 
Cp.  phase  coherence  coefficient  of  Eq.  (A-20) 

v . noimalized  standard  deviation  of  Eq.  (A-l  5) 

A 

C nonhomogeneity  coefficient  of  Eq.  (A-l  7) 

CT.  Talpey  coefficient  of  Eq.  (A-l  3) 

ASG.  array  signal  gain  of  Eq.  (A-24) 

S/N.  signal  plus  noise  to  noise  ratio.  dB 
R.  range  from  source  to  array,  km 
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I.  (U)  INTRODUCTION 

(C)  In  recent  years,  the  Indian  Ocean  has  become  an  area  of  increasing  strategic  and 
tactical  importance  to  the  Navy.  Because  of  the  lack  of  environmental  acoustic  data  from 
the  Indian  Ocean  of  the  type  required  for  performance  characterization  of  surveillance 
systems  options.  OP-l>5  tasked  NAVELEXSYSCOM  PME-1 24  to  cof'  ‘"act  environmental 
acoustic  surveys  to  obtain  the  data  necessary  to  assess  the  performance  of  passive  Anti- 
submarine Warfare  < ASW)  surveillance  systems  in  the  Northwestern  Indian  Ocean. 

(C)  Accordingly.  PME-124  developed  Project  BEARING  STAKE  with  these 
objectives: 

a.  Conduct  environmental  and  acoustic  measurements  in  five  selected  areas  of 
the  Northwestern  Indian  Ocean  during  the  period  of  January  through  May 

1 ‘>77  with  a variety  of  measurement  sv  stems. 

b.  Collect  acoustic  data  So  determine  the  variability  in  the  acoustic  environment 
and  provide  inputs  to  models  for  systems  performance  evaluation. 

c.  Utilize  near-surface,  mid-tiepth.  and  bottom-mounted  receivers  (such  as  long 
horizontal  arrays)  to  determine  the  following: 

• Propagation  loss  vs  frequency  and  depth 

• Omnidirectional  noisc 

• Noise  directionality 

• Wavefront  conerence 

• Vertical  arrival  structure 

• Bottom  interaction 

• Bottom  reflectivity 

d.  Produce  an  acoustic  assessment  of  the  Northwestern  Indian  Ocean  based  upon 
the  results  obtained. 

e.  Perform  assessment  of  surveillance  systems  for  the  Northwestern  Indian  Ocean. 

(C)  Tiie  purpose  of  this  report  is  to  present  the  analysis  of  the  results  of  the  wave- 
front  coherence  measurements  made  during  BEARING  STAKE  in  3reas  near  five  selected 
sites  in  the  Northwestern  Indian  Ocean  shown  in  Fig.  1 . From  the  analysis,  a coherence  and 
array  signal  gain  assessment  of  the  areas  concerned  is  presented  for  a bottom-mounted 
and  two  mid-depth  towed  arrays. 

(U»  Technical  direction  of  BEARING  STAKE  was  vested  in  the  Naval  Oceans 
Systems  Center  (XOSC).  Participants  in  BEARING  5TAKI:  represented  a broad  spectrum 
of  organizations.  In  addition  to  NOSC.  the  other  Navy  organizations  involved  were  the 
Naval  Oceanographic  Office  (NOO).  the  Naval  Research  laboratory  (NkL).  the  Naval  Air 
Development  Center  (NADCi.  and  tl;  * Naval  Ocean  Research  and  Development  Activity 
(NORDA).  The  Weapons  Research  Establishment  (WRE;  now  the  Weapons  Systems 
Research  Laboratory.  Defence  Research  Centre)  of  the  Australian  Department  of  Defence 
also  participated.  The  industrial  and  university  organizations  represented  ’were  Western 
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Llectric  Co.  (WLCo).  Sanders.  Inc..  Woods  Hole  Oceanographic  Institution  (WHOI) 

Applied  Research  Laboratories.  University  of  Texas  at  Austin  (ARL/UT),  TRW,  and 
Planning  Systems.  Inc.  (PSI). 

( U)  The  opemtiona!  aspects  of  BLARING  STAKE  with  respect  to  coherence  meas- 
urements are  described  in  Section  2.  (For  a more  detailed  description  of  the  operational 
plans  and  systems  involved,  see  Refs.  1 through  9).  In  Section  3.  the  results  of  the  array 
coherence  and  array  signal  gain  area  assessment  are  developed.  Section  4 presents  the  con- 
clusions from  this  study.  In  the  Appendix  the  methodology  for  phase  coherence  and  array 
signal  gain  and  definitions  of  the  terms  used  in  this  assessment  report  are  presented. 


CONFIDENTIAL 


CONFIDENTIAL 


2.  (U)  OPERATIONAL  ASPECTS 


2.1  <U>  CHRONOLOGY  AND  SITES 

(L')  The  BEARING  STAKE  acoustic  measurements,  performed  near  the  five  sites  of 
Fig.  1 . were  conducted  during  the  four  cruises  shown  in  the  following  timetable: 


Cruise 


Dates  ( 1 977 ) 

13  Jan-2(>  Jan 
30  Jan-25  Feb 
5 Feb-30  Mar 
4 Arr-  4 Mav 


Site  Occupied 
1A 

3 and  1 B 
4 

5 and  2 


Site  I was  occupied  twice:  hence,  the  terminology  of  "Sites  I A"  and  "IB.”  Coherence 
measurements  were  made  for  Sites  3.  1 B.  4.  5 and  2.  Throughout  this  report  the  sites  will 
be  treated  in  chronological  order  as  above. 

(O  The  major  geographical  features  of  the  Northwestern  Indian  Ocean  and  its 
major  shipping  lanes  were  considered  in  the  selection  of  the  locations  for  Sites  1 through  5 
(see  Fig.  1 ).  The  measurement  events  conducted  for  these  sites  represent  a variety  of  situ- 
ations that  allow  assessment  of  passive  surveillance  system  options  against  transitting  sub- 
marines and  submarines  attempting  to  interdict  shipping. 

(O  Site  3 is  located  in  the  central  portion  of  the  Arabian  Sea  with  a water  depth  of 
3.600  ni.  Measurements  here  will  be  useful  in  evaluating  the  surveillance  potential  cruse  to 
the  Cape  of  Good  rlope-Arabian  Sea  shipping  lanes  along  the  cast  coast  of  Africa. 

(C)  Site  1 is  located  in  the  mouth  of  the  Gulf  of  Oman  where  the  water  depth  is 
3.300  m.  This  site  offers  bathv  metrically  unshielded  ranges  in  a narrow  corridor  into  the 
Arabian  Sea.  The  data  from  Site  I will  be  useful  in  evaluating  the  surveillance  potential  itt 
the  Gulf  of  Oman  and  its  approaches.  Shipping  traffic  to  and  from  the  Persian  Gulf  passes 
close  to  Site  1 . 

(O  Site  4 is  over  a slope  with  depths  ranging  from  4.000  to  5.000  in.  Long-range 
propagation  via  refracted  paths  occurred  in  the  deep  waters  of  the  northern  Somali  Basin 
(see  Ref.  55 >.  This  is  the  only  site  for  which  boj«om-limited  propagation  conditions  did  not 
prevail  during  the  exercise  (see  Section  2.4). 

(C)  Site  5 is  located  on  the  northern  edge  of  the  Carlsbeig  Ridge  south  of  the  Suez 
Canal-Orient  shipping  lanes.  The  site  is  situated  over  the  fiat  top  of  a low  n*e  (500  m above 
the  sea  floor)  in  4.500  in  of  water.  The  Carisberg  Ridge,  on  the  southern  edge  of  the 
Arabian  Sea.  may  provide  shielding  from  noise  sources  to  the  south  of  this  site  for  surveil- 
lance systems  looking  into  the  Arabian  Sea. 

(C)  Site  2 is  located  on  a ridge  approximately  370  km  ( 200  nmi)  off  the  coast  of 
the  Arabian  Peninsula.  Data  from  this  site  wall  be  useful  in  evaluating  the  surveillance 
potential  in  the  major  shipping  lanes  running  along  the  Arabian  Peninsula  and  into  the 
Arabian  sea. 
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2.2  <U)  HORIZONTAL  ARRAY  SYSTEMS  USED  FOR 
COHERENCE  DATA  COLLECTION 

( l ) Three  coherence  measurement  systems  are  discussed  in  this  report.  They  are: 

• Ocean  Acoustic  Measurement  System  (OAMS)  array  from  PME-124/NOSC 

• Long  Acoustic  Towed  Array  (LATA)  from  WRE.  Australia 

• Bottom-Mounted  Array  (BMA)  from  P.ME-1 24/WECo 

The  OAMS  array,  the  LATA,  and  the  BMA  were  operated  at  Sites  3.  1 B.  4.  5 and  2. 

( U)  The  ships  which  participated  in  BEARING  STAKE  were  the  USNS  KINGSPORT 
(T- AG-33),  the  USNS  MYER  (T-ARC-G).  the  USNS  MIZAR  (T-AGOR-1  i>.  the  USNS 
WILKES  (T-AGS-33)  and  the  Australian  ship  HMAS  DIAMANT1NA  (GOR-266).  During 
BEARING  STAKE,  the  KINGSPORT  conducted  all  the  long-range  projector  tows  shown  in 
Fig.  2.  Tlie  MIZAR  performed  as  the  OAMS  array  tow  and  measurement  ship.  The 
DJAMANTINA  towed  and  operated  the  LATA  in  coordination  with  the  MIZAR  tow  runs. 
The  MYER  was  responsible  for  all  BMA  operations.  The  WILKES  performed  several  ocean- 
ographic functions  for  the  BEARING  STAKE  exercise. 

< U ) After  the  conclusion  of  the  BEARING  STAKE  exercise,  the  ship  navigational 
logs  were  used  by  NORDA  to  reconstruct  the  projector  tows  and  the  array  positions.  There- 
fore. Fig.  2 gives  the  site  overview  for  BEARING  STAKE  projector  tows,  and  Figs.  3 
through  6 show  the  details  for  each  site.  As  can  be  seen  from  these  figures.  BEARING 
STAKE  surveyed  much  of  the  Northwestern  Indian  Ocean. 

2.2.1  tU)  The  Ocean  Acoustic  Measurement  System  (OAMS) 

( U ) Tlie  OAMS  towed  array,  manufactured  by  the  SePmic  Engineering  Co.,  has  32 
directional  hydrophone  groups  spaced  over  an  acoustic  aperture  of  925.4  m (3036  ft).  This 
array  rs  highly  directional  due  to  its  tapered  design  (see  Fig.  7 and  Ref.  9).  This  directional 
behav  tor  arises  from  two  causes:  ( 1 ) the  individual  hydrophones  in  each  sensor  group  are 
spaced  in  a cosine  pattern,  and  the  groups  nearer  the  aperture  ends  arc  longer,  and  (2)  the 
sensor  group  centers  arc  spaced  in  a cosine  pattern  along  the  acoustic  aperture.  (Due  to  this 
directional  behavior,  the  CW  sources  were  generally  kept  within  ±15  deg  of  broadside  by 
the  choice  of  the  MIZAR  courses.)  Vibration  Isolation  modules  (VIMs)  installed  at  the  head 
and  tail  of  the  acoustic  aperture  make  the  total  array  length  of  1535.9  m (5036  Ft).  See 
Fig.  S.  The  maximum  design  depth  ("crush  depth")  is  305  m (1000  ft).  Four  depth  sensors 
are  distributed  along  the  acoustic  aperture. 


I 


& 


(U)  The  OAMS  array  was  operated  for  Sites  3.  1 B and  4 in  the  vicinity  of  the  BMA. 
while  for  Sites  5 and  2 the  OAMS  array  operated  more  than  400  km  for  the  BMA.  Sec 
Figs  3 through  5.  At  each  site,  the  OAMS  array  was  deployed  to  a cable  scope  of  between 
30G  to  350  m.  During  deployment,  the  speed  of  the  ship  was  adjusted  to  keep  the  array 
near  a nominal  tow  depth  of  !98  m (650  ft)  and.  depending  on  winds  and  currents,  the 
speed  varied  between  2 and  3 knots.  The  array  tilt  during  most  data  collection  periods  was 
less  than  i i deg.  Ship  maneuvers  at  each  site  consisted  of  polygon  tows,  designed  to  assess 
the  horizontal  directionality  of  the  ambient  noise  field,  and  straight-line  tows,  oriented  such 
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figure  6.  (U)  Projector  lows  for  Site  5 and  2;  locations  of  LATA  and  OAMS  array.  (U) 
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configuration.  (U) 
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that  acoustic  arrivals  from  the  source  were  generally  within  ±15  deg  of  broadside  because 
of  the  directivity  of  the  OAMS  array.  Measurements  of  coherence,  propagation  loss  and 
beam  noise  temporal  statistics  were  collected  during  the  straight  tows. 

( l')  Tile  OAMS  signal  processing  system  is  built  around  a Hewlett  Packard  2100 
computer  as  shown  schematically  in  Fig.  9.  As  shown  in  this  figure,  the  individual  hydro- 
phone group  outputs  were  amplified  by  charge  coupled  amplifiers  and  then  fed  through  a 
32-channel  patch  panel  into  the  “coherence  box"  (the  quadrature  detector)  to  be  put  into 
baseband  amplitude  and  phase  quadrature  form.  Tile  output  of  the  32-channel  quadrature 
detector  was  digitized  with  a Hewlett  Packard  23138  64  channel  A'D  converter  to  generate 
the  signal  and  noise  data  on  digital  tapes  for  later  coherence  processing  (see  Appendix). 

1 he  center  frequency  of  the  quadrature  detector  was  adjusted  to  track  the  C jppler-shifted 
received  signals.  The  effective  bandwidth  of  the  quadrature  detector  was  1 Hz. 

(U)  Monitoring  of  individual  hydrophone  groups  in  real  time  was  accomplished 
with  a Spectral  Dy  namics  Corporation  SD309  Real  Time  Analyzer  and  associated  units. 
The  output  could  be  displayed  on  a CRT  or  sampled  by  the  HP2100  computer  for  further 
processing.  Systems  status  parameters  and  depth  sensor  outputs  were  logged  automatically 
through  the  microprocessor  general  interface  unit.  Recorded  parameters  included  the  time 
code,  depth  sensor  outputs,  the  setting  of  the  switches  for  quadrature  detector  gain,  the 
HP2100  gain  and  quadrature  detector  frequency. 

2.2.2  ( U i The  Long  Acoustic  Towed  Anray  t LATA  > 


(Cl  Tlie  LATA,  manufactured  by  the  Seismic  hngineering  Co.,  has  64  omni- 
directional hydrophone  groups  uniformly  spaced  19.05  in  apart  (X-2  at  about  40  Hz) 
over  an  acoustic  aperture  of  about  1200  m (3936  ft).  (The  LATA  was  called  the 
LAMBDA  I w hen  used  «»>  «:.e  U.S.  Navy.)  VIMsare  installed  at  the  head  and  tail  of  the 
acoustic  aperture  (600  m forward.  300  m aft)  for  a total  length  of  2100  m.  See  Fig.  10. 

The  maximum  design  depth  is  1 200  m.  Special  modules,  each  containing  3n  array  heading 
sensor  and  a precision  depth  sensor,  are  situated  at  the  head  and  tail  of  the  acoustic  aperture. 
A cable  inclinometer  is  mounted  on  the  tow  cable,  above  the  water  at  the  stem,  to  provide 
ar.  indication  of  the  tow  speed. 

(L  ) The  LATA  was  operated  for  Sites  3.  1 B and  4 in  the  vicinity  of  the  BMA. 
while  for  Sites  5 and  2 it  operated  more  than  700  km  from  the  BMA.  See  Figs.  5 and  6 
At  Site  3 LATA  was  deployed  after  the  projector  operations  had  ceased,  and  at  Site  IB 
insufficient  LATA  coherence  data  were  collected  for  meaningful  processing.  Hence.  LATA 
coherence  data  were  processed  only  for  Sites  4.  5 and  2.  The  LATA  array  was  towed  at  a 
nominal  depth  of  305  m at  a speed  of  2 to  3 knots.  Coherence  measurements  were  made  on 
straight-line  tows  oriented  so  th3t  the  array  would  be  nearly  broadside  oi  nearly  endftre  to 
the  projector.  The  array  till  during  most  data  collection  periods  was  less  than  ±1.5  deg  for 
Sites  4.  5 and  2 

(C)  Tlie  64  LATA  hydrophone  group  cutouts  were  collected  and  processed  by  the 
WRF-designed-and-built  digital  signal  processing  and  display  system  on  board  the 
DIAMANTINA.  The  group  outputs  were  digitized  at  a rate  of  5 1 2 samples  per  second  and 
multiplexed  with  outputs  from  the  heading  and  depth  sensors,  time.  code,  ship  position. 
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ARMOURED  TOW 
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Figure  10.  (0)  LATA  configuration.  (L:l 

course,  speed  and  voice  annotation  as  shown  in  Fig.  1 1.  The  resulting  serial  bit  stream 
t500  kbps)  was  recorded  on  a singh-  track  of  a SANGAMO  digital  tape  recorder.  The  band- 
width of  the  recorded  acoustical  data  was  5 to  226  Hz.  The  on-board  processing  and  relax 
system  consisted  of  a demultiplexing  unit,  a digital  filter  (with  32  selectable  filter  bands), 
and  digital  "delay-and-stim"  beaniformer  with  four  shading  options  with  a "deselect" 

(..e..  zero  weighting  for  any  hydrophone  group)  option,  a beam  averager,  and  a ROLM  1602 
digital  computer  for  hydrophone  group  output  and  beam  data  processing.  This  computer 
was  operated  in  the  real-time  mode  throughout  the  data-taking  periods  for  coherence 
measurements.  The  on-shore  LATA  processing  was  conducted  at  NOSC  and  is  discussed  in 
Ref.  1 2. 


2.2.3  (U)  The  Bottom-Mounted  Array  (BM A) 

(L  ) Tlie  BMA  consisted  of  eight  unequally  spaced  omnidirectional  nydrophones 
and  was  installed  at  all  five  BLARING  STAKH  sites.  WF.Co  was  responsible  for  installing 
the  BMA  at  each  site  from  the  MYLR  and  for  collecting  analog  tape  data  from  the  BMA. 
Figure  1 2 illustrates  the  physical  configuration  cf  the  BMA  installed  at  Site  1 A.  Figure  13 
shows  the  BMA  hydrophone  configuration  at  Site  IB.  and  Fig.  i4  shows  the  configurations 
at  Sites  3.  4.  5 and  2.  Although  the  the  BMA  and  the  O.AMS  array  were  co-located  at 
Sites  3.  1 B and  4 (see  Figs  3 through  5).  the  BMA  was  configured  as  a horizontal  line 
array  only  ar  Sites  3 and  i B (see  Figs.  13  and  14).  Hence,  comparison  between  the  BMA 
and  the  OAMS  data  was  confined  to  Sites  3 and  iB. 

(U)  To  ensure  the  compatibility  of  the  BMA  data  with  the  OAMS  data,  the  BMA 
analog  tapes  were  played  back  into  the  OAMS  instrumentation  (i.e..  through  the  quadra- 
ture detector,  the  A I)  converter  and  the  111*2100  computer  system)  in  situ  and  afterwards 
at  NOSC.  Tins  put  the  BMA  coherence  data  on  digital  magnetic  tape  in  quadrature  format 
for  further  processing  and  analysis  (see  Section  2 and  Ref.  1 1 ).  Thus,  the  BMA  coherence 
data  analysis  is  especially  well  coordinated  with  the  OAMS  array  data  analysis  and  allows  a 
detailed  comparison  of  their  respective  results  (see  Section  3). 
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2.3  <U>  ACOUSTIC  SOURCES 

(U  ) Both  narrowband  (CW)  projector  and  broadband  (explosive)  sources  were  used 
during  BEARING  STAKE.  Only  the  narrowband  projectors  will  be  discussed  here  because 
the  coherence  data  are  based  on  these  CW  sources. 

(C)  Two  projectors  were  used:  i 1 ; a Minneapolis  Honeywell  HZ-295  transducer 
(140  and  290  Hz)  and  (2)  a MK-6  projector  driven  at  22.  25.  36.  39  and  42  Hz.  Source 
levels  ranged  from  1 76  dB,pPa  to  1 95  dB-pPa  as  shown  in  Table  1 . 


Table  1 . (C)  The  CW  Projector  Source  Levels  for  BEARING  STAKE.  fU) 


Frequency 

Site 

Source  Level  (dB/pTa) 

i -* 

all 

1SS 

25 

all 

590 

36 

all 

192 

>i 

all 

I9S.5 

42 

ail 

195 

140 

1A 

184 

140 

IB 

I S3 

140 

1815 

140 

1S2 

140 

4 except  4P7 

1:03.5 

140 

41*7 

IS05 

140 

_ i 

> 

IS!  5 

2'H) 

all  '>ccpt  4P~ 

182 

2»>o 

4r? 

:*7r- 

(rhe  terminology  -IPT  refers  to  projector  tow  P7  at  Site  4.  etc.) 


t'U)  AH  projector  tows  were  made  from  the  KINGSPORT  along  the  tracks  shown  in 
Figs.  2 through  6.  The  duty  cycle  for  all  projectors  was  10  min  on  and  5 min  off.*  At 
Site  I A tows  were  made  at  a nominal  speed  of  12  knots.  For  Sites  3.  IB.  4 and  5.  the  MK-6 
tow  speed  was  reduced  to  S knots.  At  Site  2.  a modified  towing  fairing  installed  on  the 
MK-6  allowed  tow  speeds  to  be  increased  to  1 1 knots  without  source  malfunctions. 

(C)  Minor  problems  arose  in  using  the  MK-6  projectors.  The  MK-6  was  unable  to 
stabilize  at  42  Hz.  as  per  specifications,  at  a tow  speed  above  S knots  and  at  a depth  of  91  m. 
This  problem  was  resolved  by  operating  the  MK-c  at  36  Hz  at  S knots  3nd  at  a depth  be- 
tween 77.7  m (255  ft)  and  $3.S  m (275  ft).  For  the  Hz-294  transducer  the  tow  depth 
was  30  m. 


* Actually  ihe  projector  frequency  was  shifted  by  5 or  5 Hz  instead  of  being  turned  otf. 
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2.4  (U>  SOUND  PROPAGATION  CONDITIONS  DURING 
BEARING  STAKE 

(L'l  Sound  propagation  conditions  during  BEARING  STAKE  are  now  discussed 
briefly  in  regard  to  their  importance  for  this  coherence  study.  Sound  propagation  near  the 
five  BEARING  STAKE  sites  was  very  good.  This  good  propagation  occurred  despite  the 
"bottom-limited”  conditions  whereby  the  surface  sound  speed  exceeds  the  bottom  sound 
speed.  This  is  seen  in  Fig.  1 f . where  sound-speed  profiles  representative  of  the  site  areas  and 
of  the  times  of  the  exercises  are  shown.  Of  course,  the  source  and  receiver  depths  are  also 
important  since  these  really  determine  whether  the  significant  ray  paths  interact  with  the 
bottom  in  a nominally  bottom-limited  situation.  If  the  sound  speed  at  the  depth  of  the 
source  (or  receiver)  is  less  than  the  bottom  sound  speed,  then  there  is  a “depth  excess.” 
so  that  there  are  ray  paths  from  the  source  (or  receiver)  that  do  not  contact  the  bottom. 
Their  importance  will  depend  on  the  amount  of  depth  excess  and  how  close  such  rays  come 
to  the  receiver  lor  source).  Thus,  using  Fig.  1 5.  Table  2 is  constructed  to  show  the  depth 
excesses  from  the  source  and  receiver  depths.  Note  that  for  the  91-m  source,  there  was  a 
depth  excess  only  for  Site  4.  For  the  200-m-deep  OAMS  array  there  was  a depth  excess  for 
Sites  4.  5 and  2.  Only  for  the  300-m-deep  LATA  was  there  a depth  excess  for  all  five  sites. 
Since  the  longest  acoustic  wavelength  relevant  to  this  work  (for  22  Hz)  is  68  m.  even  the 
smallest  depth  excess  ( 1 10  m)  in  Table  2 is  significant. 


Table  2.  (U)  Depth  Excesses  for  Source  and  Receiver  Depths  for  the 
Representative  Sound-Speed  Profile  for  Each  Site.  «U) 

Site 


I>;pth  (n:i 

IB 

4 

5 

«>| 

- 

4«W) 

- 

200 

1600 

720 

222 

3oo 

330 

no 

2200 

1 700 

610 

i 

f 


? ' 

i 

t : 

i • 


( U ) Sites  1 B and  4 are  the  extreme  cases  in  Fig.  1 5 : Figs.  1 6 anu  1 7 give  the  rav 
trace  plots  for  typical  radial  projector  runs  away  from  these  two  sites.  Twenty-five  rays  at 
1 -deg  intervals  in  the  deflection  elevation  range  of  - 1 2 to  +1 2 deg  arc  traced  away  from  a 
200-m-deep  receiver  tor  both  figures.  Figure  16  for  projector  tow  I BP1  (i.e..  projector  tow 
PI  at  Site  IB)  shows  that  all  those  rays  reflect  from  the  bottom,  while  Fig.  17  for  projector 
tow  4PI  shows  that  only  the  -12  and  -H  2 deg  rays  contact  the  bottom.  Note  also  that  there 
arc  strong  convergence  zones  observed  for  Site  4.  Here  the  fifth  zone  is  about  350  km. 
which  gives  an  average  zone  spacing  of  about  58  km.  Thus,  with  respect  to  this  coherence 
area  assessment  work,  it  is  noteworthy  that  the  degree  of  bottom  interaction  did  vary'  from 
site  to  site  region,  with  the  least  near  Site  4 and  the  most  near  Site  IB. 


|U)  Site  2 presents  a special  problem  for  the  OAMS  array  since  it  received  sound 
propagation  from  behind  a seamount.  See  Fig.  6.  Figure  1 8 gives  a ray  trace  plot  for  a 
typical  vertical  plane  over  the  seamount  and  away  from  the  OAMS  array.  Although  Fig.  18 
sh.ow-s  the  seamount  interacting  with  most  of  the  paths  that  reach  the  OAMS  array,  the 
predicted  effect  on  transmission  loss  depends  completely  on  the  bottom-reflection  loss 
(BRL)  model  assumed.  If  the  propagation  loss  is  calculated  (via  the  RAYWAVE  computer 
model  program  of  Ref.  14  j with  the  seamount  replaced  by  a fiat  bottom,  curve  (a)  of 
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Fig.  1 9 results.  The  oilier  three  plots  in  Fig.  1 9 are  for  the  seamount  retained  with  various 
possible  models  of  BRL  versus  grazing  angle  for  rays  contacting  the  sides  of  the  seamount. 
The  three  cases  of  BRL  behavior  are  as  follows: 

Curve  Seamount  BRL  Mode? 

(b)  Same  as  for  Site  3 (from  Ref.  1 5) 

(c>  Estimate  for  seamount  slopes 
<d)  Infinite  loss  for  all  “razing  angles 


Comparing  curve  (a)  with  the  others  shows  that  only  for  curve  <d)  is  there  some  appreciable 
propagation  loss  at  longer  ranges  due  to  the  seamount.  In  Section  3.7.1  a comparison  of  the 
OAMS  array  received  levels  for  projector  tow  2P3A  (with  seamount  interference)  and  for 
projector  tow  51*1  (without  seamount  interference)  shows  that  curve  (d)  agrees  best  with 
the  observations. 

( L')  The  preceding  discussion  of  propagation  conditions  was  based  upon  simplified, 
representative  sound-speed  profiles,  such  as  those  shown  in  Fig.  15.  Thus,  the  smaller  scale 
structure  of  the  sound-speed  profiles  were  neglected.  This  neglect  may  not  be  reasonable  in 
considering  certain  aspects  of  array  performance  as  the  following  discussion  indicates. 

(U)  A mid-depth  interval  of  sound-speed  profile  complexity  is  a characteristic 
feature  of  the  western  Indian  Ocean  (see  Ref.  1 6).  The  BEARING  STAKE  sound  speed 
profile  measurements  show  that  this  complexity,  marked  by  closely  spaced  relative  maxima 
and  minima  with  significant  sound  speed  differences,  was  most  pronounced  in  the  Site  4 area. 
This  was  as  expected,  since  the  Red  Sea  is  the  source  of  the  highly  saline  water  that  is  the 
major  cause  of  the  sound-speed  profile  complexity.  Figure  20  shows  four  sets  of  profiles 
collected  along  various  Site  4 track  events.  Profiles  for  Sites  3.  1 B.  5 and  2 also  showed 
some  similar  complexity  (see  Figs.  2 1 . 22.  23  and  24.  respectively)  and.  for  all  five  sites,  the 
complexity  began  at  roughly  250  m.  Thus,  the  OAMS  array  operated  above  this  mid-depth 
interval  of  complexity  while  the  LATA  operated  in  it:  the  BMA  was  always  well  below  that 
depth  interval.  Since  the  propagation  paths  to  all  three  arrays  must  pass  through  this  mid- 
depth interval,  some  of  the  effects  of  the  profile  complexity  should  be  the  same  for  all 
three.  However,  it  seems  significant  that  the  LATA  coherence  and  array  gain  results 
(discussed  in  Section  3)  display  noticeably  greater  scatter  than  those  for  the  OAMS  array  and 
the  BMA.  Since  that  scatter  was  clearly  associated  with  multipath  interference  effects 
that  were  also  more  noticeable  or.  LATA  than  on  the  other  two  arrays  (see  Ref.  12).  it 
seems  likely  that  the  particular  operating  depth  of  the  LATA  is  the  explanation  (particu- 
larly since  the  differences  in  array  construction,  discussed  in  Sections  2.2.2  through  2.2.4. 
did  not  account  for  this  difference  in  the  performances  of  the  LATA  and  the  OAMS  3rray: 
see  also  the  discussion  of  the  "subset  OAMS  array"  in  Sections  3.3.3  and  3.4.3).  This 
indication  suggests  that  the  Northwestern  Indian  Ocean  is  an  area  where  the  surveillance 
performance  of  towed  arrays  may  be  significantly  dependent  cn  the  array  tow  depth. 

<LT)  We  now  consider  the  effect  that  multipath  propagation  has  on  array  beamform- 
ing. The  study  of  Ref  i 7 shows  that  the  presence  of  rapid  increases  in  propagation  loss 
(fades)  as  the  range  is  varied  is  accompanied  by  a pronounced  nonlinearity  of  phase,  i.e..  the 
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Figure  21.  (U)  Detailed  sound-speed  profiles  near  Site  3.  (U) 
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Figure  2. 


(U)  Detailed  sound-speed  profiles  near  Site  5.  tU) 
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phase  relationships  between  receivers  is  no  longer  a linear  function  of  the  spatial  displace 
nient  between  receivers,  Examples  from  Ref.  1 ~ show  that  rapid  increases  of  23, 18.  and 
14  dB  were  accompanied  by  a departure  from  linear  phase  of  140.  1 15.  and  100  deg. 
respectively,  for  receivers  on  opposite  sides  of  the  fade.  Reference  17  points  out  that  the 
effect  of  nonlinear  phase  is  a decrease  of  several  dB  in  array  signal  gain  as  well  as  possible 
bearing  errors. 

<U)  The  fades  result  from  multipath  interference.  Since  the  bottom  losses  for  most 
BEARING  STAKE  sites  are  very  small  at  low  frequencies  we  may  anticipate  a Urge  number 
of  fades  due  to  multipaths,  in  order  to  examine  this  effect,  a normal  mode  model  of 
coherent  propagation  loss  was  developed  for  Sit*.  IB  based  on  a typical  sound-speed  profile 
and  on  a detailed  sub-bottom  structure. 

tC)  Figure  25  presents  the  normal  model  propagation  loss  at  25  Hz  as  a function 
of  range  over  the  range  interval  from  1 ~5  to  225  km.  The  receiver  depth  is  fixed  at 
534S  9 m and  corresponds  to  the  bottom-mounted  ACODAC  at  Site  IB.  The  dots  are  the 
experimental  measurements  of  the  ACODAC.  The  propagation  is  indeed  characterized  by 
large  numbers  of  fades. 
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<(')  The  number  of  fades  was  counted  over  various  range  intervals  and  expressed  as 
the  average  distance  between  fades.  For  example,  in  Fig.  25  the  average  distance  between  fades 
exceeding  5 dB  os  0.9  kin.  For  fades  exceeding  10  dB  the  average  distance  is  2 km.  Computa- 
tion made  over  the  same  range  interval  at  50  Hz  yielded  corresponding  values  of  0.6  and  1.3  km. 
respective!) . Computation  for  other  range  intervals  showed  a strong  range  dependence.  For 
example,  in  the  range  interval  from  25  to  75  km  one  could,  on  the  average,  expect  a 10-dB 
fade  everv  1 .4  km  at  25  Hz  and  every  0.8  km  3t  50  Hz.  The  corresponding  values  at  463  to 
550  km  are  3.6  and  2.2  km.  This  range  dependence  results  because  the  number  of  multi- 
path-  is  reduced  bv  bottom  loss.  Reference  1 8 discusses  similar  computations  made  under 
convergence  zone  conditions  in  the  Pacific  and  Atlantic  for  this  latter  interval  of  463  to 
550  km.  Values  obtained  for  1 0-dB  fades  at  25  and  50  Hz  were  from  10.3  to  20.5  km  and 
from  6.9  to  30.S  km.  respective!).  It  then  appears  that  10-dB  fades  in  propagation  loss  for 
the  Indian  Ocean  occur  at  least  three  times  as  often  as  the>  do  for  convergence  zone  propa- 
gation in  the  Atlantic  or  Pacific  Oceans.  We  may  then  anticipate  more  problems  with  array 
heamfonning  in  the  Indian  Ocean  than  in  the  Atlantic  or  Pacific  Oceans. 

(L  ) Tlie  studv  just  described  involved  looking  at  the  variation  with  range  for  a 
fixed  receiver  depth.  This  variation  would  be  applicable  to  a horizontal  array  in  an  end  fire 
configuration.  However,  the  LATA  and  the  CAMS  array  were  operated  in  a near-broadside 
configuration. 

<D  The  nominal  depth  of  the  front  end  of  the  OAMS  array  was  200  m.  with  an 
upward  tilt  of  about  1 deg.  Tlie  corresponding  values  for  the  LATA  were  300  m and 
1.5  deg.  Since  the  OAMS  arrav  is  925  m long,  the  nominal  depth  of  the  tail  end  was  about 
IS9  in.  The  corresponding  values  for  LATA  were  1 200  and  269  m.  Thus,  even  in  a broad- 
side configuration,  the  arrav > are  subject  to  a variation  in  propagation  loss  from  element  to 
element  due  to  the  fact  that  the  elements  are  at  different  depths. 

<C ) The  nominal  range  of  interest  for  an  examination  of  array  performance  was 
given  as  200  km.  Figure  26  is  a propagation  loss  contour  plot  generated  by  the  norma! 
mode  model  for  Site  1 B at  a frequent)  of  25  Hz.  Contours  are  presented  at  5-dB  intervx.  > 
from  X5  to  ‘>5  dB.  The  receiver  depth  interval  covered  is  from  180  to  345  m and  the  range 
interval  is  from  1 95  to  205  km.  Tiiis  plot  covers  the  depth  intervals  of  interest  for  the  two 
arrav  s.  Tlie  propagation  loss  p!«>t  of  Fig.  26  exhibits  a "patchiness”  which  is  characteristic 
of  a large  number  of  bottom  bounce  multipaths.  Figure  26  presents  a good  overview  of  the 
situation,  but  does  not  provide  the  detail  necessary  to  assess  the  amount  of  variation  in 
propagation  loss  across  each  arrav . 

<l'>  This  variation  was  assessed  hy  a special  normal  mode  computer  run  adapted  to 
determine  the  variation  in  propagation  loss  over  some  given  depth  interval  for  a fixed 
range.  Tlie  given  depth  intervals  were  from  ! 87  to  200  in  in  2-m  steps  and  from  270  to 
300  m in  3-m  steps.  These  intervals  correspond  to  nominal  array  tilts  of  1.1  deg  for  the 
()  \ MS  arrav  and  1 .4  deg  for  the  LATA.  Tlie  normal  mode  program  was  run  from  195  to 
205  km  in  range  increments  of  50  m.  This  results  in  201  range  samples. 

(O  Figure  2‘  presents  propagation  loss  as  determined  hy  the  normal  mode  program 
at  a frequency  of  50  Hz.  Propagation  loss  is  shown  as  a function  of  receiver  depth  over  the 
interval  of  2"0  to  300  in  at  fixed  ranses  of  1 96.0.  1 °fc  2.  and  1 96.4  km.  The  variation 
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across  this  depth  interval  is  S.4.  29.8.  and  7.0  dB.  respectively,  for  the  three  fixed  ranges. 
This  example  was  chosen  to  depict  a very  deep  fade.  Since  computations  are  made  in 
range  increments  of  50  m.  there  are  three  additional  range  cuts  available  between  196.0 
and  196.2  km  and  also  between  196.2  and  196.4  km.  These  data  have  also  been  plotted  but 
are  not  presented  here.  These  additional  data  show  a smooth  transition  between  the  cuts 
shown  in  Fig.  27.  On  the  basis  of  the  data  sample  and  on  other  samples,  it  has  been  estab- 
lished that  the  range  and  depth  sampling  considered  here  is  adequate  to  determine  the 
variability  across  the  interval. 

(0)  All  of  the  data  for  the  special  normal  mode  computer  runs  were  summarized 
in  terms  of  the  percentage  of  range  samples  for  which  the  propagation  loss  variation  over 
the  depth  interval  (for  the  fixed-range  sample)  exceeded  5 dB  and  then  10  dB.  The  results 
for  several  different  configurations  and  for  frequencies  of  25  and  50  Hz  are  summarized  in 
Table  3.  For  example,  at  25  Hz.  8 percent  of  201  range  samples  (i.e..  16  samples)  had  a 
10-dB  or  greater  variation  over  the  depth  interval  from  1 87  to  200  m. 

Table  3.  (C)  Percentage  of  Range  Cuts  in  the  Range  Interval  from  195  to  205  km 
for  which  the  Depth  Variation  in  Propagation  Loss  over  the  given  Depth  Interval 

exceeds  5 dB  and  10  dB.  (U) 


ROW 

FRKQ. 

(11/1 

DEITH  INTERVAL 

<m) 

L/I.I  lit 

STEP 

Cm) 

t 

5 dB 

lOdB 

1 

25 

1S7-200 

2m 

25 

8 

■> 

25 

270-500 

3 m 

45 

16 

5 

25 

170-200 

3 m 

41 

15 

4 

50 

1S7-200 

2 ir» 

46 

17 

5 

50 

270-300 

3 m 

66 

51 

6 

50 

170-200 

3 m 

i 

6S 

51 

(ft  Rows  1 and  4 pertain  to  the  OAMS  array  configuration  and  rows  2 and  5 to  the 
LATA  configuration.  The  first  important  feature  to  note  is  that  the  percentage  values  for 
the  LATA  are  larger  than  for  the  OAMS  array  at  both  frequencies.  This  is  in  agreement 
with  the  experimental  measurements  of  coherence,  which  were  generally  better  for  the 
OAMS  array  than  for  the  LATA.  The  question  now  arises  as  to  whether  this  is  a result  of 
the  OAMS  array  and  the  LATA  being  at  different  depths.  This  was  examined  by  making 
calc'-larit  lor  the  interval  from  1 70  to  200  m.  Thus,  the  results  of  rows  3 and  6 repre- 
sent the  case  where  the  LATA  is  placed  at  200  m rather  than  300  m.  Note  that  the  results 
of  row  2 are  close  to  those  of  row  3 and  the  results  of  row  5 are  close  to  those  of  row  6. 
Thus,  the  important  feature  for  this  model  is  not  the  difference  in  the  nominal  depth  of 
LATA.  The  significant  feature  is  that  the  longer  length  3nd  larger  tilt  angle  of  the  LATA 
result  in  a larger  depth  interval  and  an  increased  chance  of  large  variation  in  propagation 
loss  along  the  array.  In  other  words,  comparing  row's  2 and  3 and  row's  5 and  6 of  Table  3 
shows  that,  for  this  model,  which  does  not  consider  a region  of  mid-depth  sound-speed 
profile  complexity,  there  is  no  depth  dependence  for  the  variation  of  propagation  loss. 


CONFIDENTIAL 


m 


3^2 


CONFIDENTIAL 


It  attributes  increased  variation  to  an  increased  depth  intenai  for  the  LATA.  However,  a 
subset  LATA  (configured  in  sensor  spacing  similarity  to  the  OASIS  array  see  Ref.  12) 
showed  that  the  depth  interval  (not  including  tilt  differences)  did  not  account  for  the 


increased  LATA  Cp  and  ASG  variation.  Thus,  the  depth-dependent  sound-speed  profile 
complexity  remains  the  most  plausible  cause  of  the  increased  Cp  and  ASG  variation  for  the 
LATA,  and  using  a sound-speed  profile  that  does  have  a mid-depth  region  of  complexity 


should  resolve  this  question. 

(O  Tne  second  important  feature  of  Table  3 is  that  the  percentages  increase  with 
frequency.  Indeed  the  values  in  the  "!  0 dB”  column  for  50  Hz  are  almost  exactly  twice  as 
iarge  as  the  corresponding  25-Hz  values.  Thus,  the  percentages  scale  directly  as  the  fre- 
quency in  this  case.  Since  the  percentage  annot  exceed  100  percent,  the  dependence  on 
frequency  cannot  continue  to  be  linear  but  must  saturate.  The  values  in  the  ”5  dB  ' column 
begin  to  show  the  effect  of  saturation.  The  ratios  of  rows  4 to  1 . 5 to  2.  and  6 to  3 are. 
respectively.  I 1 .5.  and  1 .“  rather  than  a 2.0  ratio  of  frequencies.  There  were  no  LATA 
or  OAMS  array  measurements  at  50  Hz.  However,  the  coherence  measurements  were  very 
poor  at  frequencies  of  i40  and  2‘>0  Hz  (see  Ref.  10).  The  calculations  of  Table  3 strongly 
suggest  that  variation  across  the  array  is  a principal  cause  of  the  loss  of  coherence.  The 
present  study  was  limited  to  a frequency  of  50  Hz  because  of  storage  limitations  in  the 
normal  mode  computer  program.  Computations  at  140  Hz  could  be  made  but  would  be 
relatively  expensive,  require  considerable  effort  and  are  beyond  the  scope  of  the  present  study. 

(O  The  adequacy  of  the  range  sampling  in  generating  Table  3 was  tested  at  25  Hz 
by  calculating  percentages  of  range  samples  taken  at  100-m  range  increments.  These  per- 
centages were  essentially  the  same  as  those  already  described  for  50-m  range  increments. 

It  appears  then  that  100-m  increments  were  adequate  for  25  Hz  and.  since  the  sampling 
rate  should  be  proportional  to  frequency . 50-m  increments  should  be  adequate  for  50  Hz. 

The  adequacy  of  the  sampling  rate  was  also  determined  by  the  investigation  of  Fig.  2~ 
as  previously  discussed. 

(1)  There  is  a further  question  about  the  normal  mode  results  which  is  not 
answered  by  Table  3.  What  is  the  distribution  of  range  intervals  for  the  categories  of  Table  3. 
i.e.  do  the  percentages  of  Table  3 result  from  many  small  isolated  intervals  or  from  several 
hugh  contiguous  intervals?  As  the  initial  step  in  addressing  this  question,  two  pieces  of  data 
from  row  5 of  Tabic  3 were  investigated  in  detail,  i.e..  the  distribution  of  range  intervals 
where  the  variation  was  under  5 dB  and  over  10  dB. 


<L">  Figure  2S  presents  the  percentage  of  range  samples  as  a function  of  run  length. 
For  example,  for  8.5  percent  of  201  range  samples  ( i.e..  1 ? samples)  the  variation  was  over 
10  dB  for  a single  50-m  interval  The  longest  range  interval  for  which  the  variation  was  over 
10  dB  was  300  m and  this  occurred  only  once.  However,  the  variation  was  less  than  5 dB 
over  three  intervals  which  were  250  m iong. 

( U)  Consider  now  the  case  where  the  variation  was  under  5 dB.  The  longest  range 
intenai  for  which  the  variation  was  less  than  5 dB  was  350  m and  this  occurred  twice. 
Intenals  of  1 50.  200.  and  250  in  occurred  only  once.  once,  and  twice,  respectively. 

(L  ) An  analysis,  similar  to  that  of  Fig.  2S.  was  made  for  ail  the  configurations  in 
Table  3.  Tile  first  three  columns  of  Table  4 are  (he  same  as  those  of  Table  3.  The  next 
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three  columns  of  Table  4 present  the  length  of  the  three  longest  runs  in  the  data  where  the 
variation  in  propagation  loss  over  the  depth  interval  was  less  than  5 dB.  The  last  three 
columns  of  Table  4 are  the  corresponding  values  for  instances  in  which  the  variation  is 
greater  than  lOdB. 


(C)  Note  that  the  run  lengths  for  less  than  5 dB  are  greater  at  25  Hz  than  their 
50-Hz  counterparts.  This  is  not  unexpected  because  it  is  already  known  that  the  fades  occur 
much  more  often  at  50  Hz.  These  fades  break  up  the  less  than  5-dB  regions,  resulting  in 
shorter  run  lengths.  In  contrast,  the  run  lengths  for  greater  than  10  dB  are  longer  at  50  Hz 
than  for  their  25-Hz  counterparts.  This  result  is  somewhat  surprising  and  may  depend  on 
the  particular  level  (:.e..  10  dB)  chosen  for  analysis. 

(IT)  In  any  case  Table  4 and  Fig.  2S  indicate  that  the  propagation  is  quite  patchy. 
The  process  is  not  statistical  in  the  sense  that  it  is  random.  The  process  is  variable,  with  a 
structure  that  is  not  clear-cut  so  that  it  may  l>e  described  in  some  statistical  sense. 

(U)  Note  that  in  10  out  of  1 2 cases,  the  entries  of  row  3 and  row  6 are  longer  than 
those  of  row  2 or  row  5.  respectively.  This  suggests  that  the  patch  sizes  are  longer  for  a 
depth  of  200  m than  for  a depth  300  m.  Thus,  arrav  performance  might  be  more  sporadic 
at  the  deeper  depth.  This  may  account  in  part  for  the  difference  between  the  OAMS 
anay  and  the  LATA  performance. 

(l‘>  The  application  of  Table  4 to  towed  arrays  depends  on  range  rate  and  inte- 
gration time.  The  range  rate  at  Site  1 B was  S knots,  or  24~  m minute.  The  integration 
lime  for  both  the  OAMS  array  3nd  the  LATA  was  4 min.  Thus,  the  range  changed  by 
9SS  m over  the  integration  time.  A determination  of  the  exact  manner  in  which  fades 
affect  arrav  coherence  is  bevond  the  scope  of  this  investigation.  However,  whenever  a fade 
appears  across  the  arrav  during  the  integration  time,  a nonlinear  component  of  phase  will 
be  included  in  the  processing  procedure  and  the  coherence  will  be  degraded  to  seme  extent. 

(U)  Consider  now  that  the  patch  size  over  which  no  significant  fades  occur  is  x 
and  that  the  integration  time  corresponds  to  a range  interval  v . The  probability  that  v 
lies  comnletelv  within  x is  the  following: 


0 for  x < v 


(la) 


x - v 


for  v ^ x < 2 v . 


(lb) 


and 


1 for  x ^ 2 v 


(1c) 


(C ) As  an  example  of  the  application  of  this  analysis,  assume  that  no  significant 
degradation  occurs  if  the  variation  in  propagation  loss  is  less  than  5 dB.  Thus,  x takes  on 
the  vaiues  ol  columns  4 to  (>  of  Table  4 while  v is  9.S8  m.  corresponding  to  a 4-min  inte- 
gration time  and  S-knol  range  rate.  The  on'v  values  of  x for  which  the  probabilitv  is  not 
zero  are  the  two  longest  run  entires  in  fable  4 at  25  Hz.  The  probability  of  these  entries 
for  the  OAMS  array  is  0.b2.  while  the  probability  for  the  LATA  at  200  m depth  is  0.5~. 
Based  on  this  assumption,  performance  would  be  poor  even  at  25  Hz  because  there  is  onlv 
one  run  interval  over  the  range  from  195  to  205  km  where  a detection  could  be  made. 


46 


CONFIDENTIAL 


me  v-s 


CONFIDENTIAL 


There  are  no  such  intervals  at  50  Hz.  This  analysis  is  hypothetical.  However,  it  provides  a 
reasonable  explanation  of  measured  observations,  i.e..  array  coherence  is  sporadic  with 
range,  array  coherence  is  better  for  the  OAMS  array  than  for  the  LATA,  and  array  coher- 
ence is  very  poor  at  higher  frequencies. 

(Ci  We  anticipate  that  the  general  conditions  investigated  here  theoretically  for 
Site  1 B would  also  hold  lor  Sites  1 A.  2.  3.  and  5.  Site  4.  however,  is  not  bottom-limited 
but  has  a small  depth  excess.  Convergence  zones  are  prominent  in  propagation  data  at 
290  15/  but  appear  indistinct  at  25  Hz.  There  are  two  aspects  of  Site  4 which  would  tend  to 
increase  the  patch  size  of  good  propagation  and.  hence,  array  coherence.  The  first  aspect  is 
the  presence  of  convergence  zones.  The  second  is  a greater  bottom  loss  in  the  Somali  Basin 
(Site  4)  than  in  the  Gulf  ol  Oman  or  in  the  Indus  Fan  (remaining  sites).  This  greater  loss 
wouid  reduce  the  number  of  inultipaths  and.  hence,  increase  the  patch  size. 

<U)  This  analysis  of  array  coherence  in  terms  of  the  variation  of  propagation  loss 
across  the  array  has  been  largely  speculative.  However,  present  plans  call  for  a detailed 
theoretical  study  in  FY  SO  of  array  processing  in  the  BLARING  STAKE  environment.  A 
normal  mode  model  would  be  developed  for  Sites  3. 4.  and  5 as  discussed  here  for  Site  IB. 
The  acoustic  Held  as  generated  by  the  mode  model  would  be  used  as  inputs  to  the  array 
processing,  beamiorming.  and  coherence  algorithms.  The  theoretical  outputs  of  these 
algorithms  will  be  compared  with  those  measured  during  the  experiment.  This  analysis 
should  also  determine  if  there  is  a significant  difference  in  the  results  of  the  OAMS  array 
algorithms  compared  to  the  LATA  algorithms.  The  question  of  optimum  or  improved 
algorithms  for  the  BLARING  STAKE  environment  should  also  be  addressed. 

3.  (II)  AREA  ASSESSMENT  OF  COHERENCE  AND  ARRAY  SIGNAL  GAIN 
3.1  (U)  INTRODUCTION 

(O  l or  BLARING  STAKE,  phase  coherence  processing  was  done  at  six  fre- 
quencies (22.  25. 42. 36.  140  and  290  Hz)  and  at  five  sites  (Site  3.  IB.  4.  5 and  2)  for  the 
OAMS  array  data,  and  the  results  are  reported  in  Ref.  10.  Phase  coherence  processing  was 
done  at  25  and  36  11/  and  at  Sites  3 and  1 B for  the  BMA.  and  the  results  are  reported  in 
Ref.  1 1 . Phase  coherence  processing  was  done  at  22  and  25  Hz  and  at  Sites  4.  5 and  2 for 
the  LATA,  and  the  resuits  are  reported  in  Ref  5 2.  Array  signal  gain  processing  was  done 
only  at  25  11/  for  the  OAMS  array,  the  BMA.  and  the  LATA,  and  the  results  are  reported 
in  Ref.  13.  The  purp;>se  of  this  section  is  to  take  this  material  from  Refs.  10  through  13 
and  perform  an  area  assessment  of  phase  eonerence  and  array  signal  gain  for  these  five  sites 
in  the  Northwestern  Indian  Ocean. 

( l')  The  information  for  this  pliase  coherence  and  array  signal  gain  area  assessment 
report  is  taken  from  Refs.  10  through  13  and  is  treated  below  in  chronological  order  (i.e.. 
Sites  3.  IB.  J.  5 and  2).  The  tables  and  figures  from  these  references  are  prefixed  by  I.  II. 

Ill  anu  'V  for  Refs.  1 0.  1 1 . 1 2 and  1 3.  respectively.  For  example.  Table  5 from  Ref.  ! 2 
is  denoted  as  Table  111-5. 

(U)  Die  phase  coherence  and  array  signal  gain  data  for  all  three  arrays  can  be 
compared  directly  by  using  the  timing  of  the  data  samples  and  the  known  positions  versus 
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time  of  the  arrays  and  of  the  projector  tow  ship.  When  the  arrays  are  not  co-!ocated  (Sites  5 
ard  2)  the  possioh  different  propagation  conditions  along  the  different  propagation  paths 
from  the  projector  to  the  receiveis  should  be  kept  in  mind.  Even  when  two  arrays  are  co- 
located. their  different  depths  have  to  be  considered  with  regard  to  possible  differences  of 
major  propagation  paths  tc  each  receiver  (see  Section  2.4). 

3.2  (U)  EFFECT  OF  SOUND  PROPAGATION  ON- 
AMPLITUDE  FLUCTUATION 


'1 

'I 

■1 


(U)  Before  beginning  the  sitc-hy-site  area  assessment  for  BEARING  STAKE,  it  is 
convenient  to  appraise  the  effect  of  multipath  sound  propagation  on  amplitude  fluctuation 
over  all  the  selected  site*  in  the  Northwestern  Indian  Ocean.  In  Section  2.4  the  nature  of 
sound  propagation  during  the  BLARING  STAKE  exercise  was  discussed  on  a site-by-sitc 
basis.  It  was  shown  that  tne  degree  of  bottom  interactions  (as  indicated  by  how  many  of 
the  important  rays  contact  the  bottom  and  at  what  angles)  was  highest  for  Site  1 B and 
lowest  for  Site  4. 

(L)  The  tables  in  Ref.  10  give  (\  [sec  Eq.  i A-20?i.  {see  Eq-t  A- 1 5 ) j.  and  S/N 
(the  signal  plus  noise  to  noise  ratio)  for  tV.e  GAMS  array  . these  quantities  for  the  BMA  and 
the  LATA  are  found  in  the  tables  of  Refs,  i 1 and  1 2.  respectively.  These  tables  show  that 
generally  the  degree  of  amplitude  fluctuation,  as  measured  by  is  largely  range  indepen- 
dent and  does  not  increase  much  with  frequency  at  each  site  and  for  each  array.  This 
behavior  is  shown  in  Table  5 on  a site-by-site  basis  lor  each  array  (the  OAMS  array  data 
covers  all  five  sites  while  the  BMA  data  applies  only  to  Sites  3 and  IB.  and  the  LATA  data 
apply  oniy  to  Sites  4.  5 and  2 ) and  for  signal  plus  noise  and  for  noise. 

Table  5.  (U)  The  Degree  ol  Amplitude  Fluctuation.  - ^ (U) 


OAMS 

BMA(3.1B)(LATA(33.2) 

Signal  plus  Noise 

Noise 

Signal  plus  Noise 

Noise 

Site  3 

03-03 

03-0.6 

03-03 

03-035 

Site  IB 

03-03 

03-0.6 

035-03 

03-035 

Site  4 

(before  "crush  event") 

03-0.4 

03-0.6 

03-03 

03-035 

Sire  4 

(after  "crush  cvcni") 

03-0.6 

0.6 

03-03 

03-035 

Site  5 

03-03 

035 

03-03 

03-03 

Site  2 

0.4-035 

G 55 

03-O3 

035 

tUl  The  S'N  levels  for  the  OAMS  array  were  high  and  comparable  for  Sites  3.  IB. 

4 and  5 and  significantly  lower  for  Site  2.  where  the  seamount  was  present  (see  Section  2.4). 
Still  Table  5 shows  that  the  values  of  X ^ are  comparable  for  all  these  sites.  However,  a 
closer  scrutiny  of  Table  5 does  reveal  some  agreement  with  three  phenomena  that  occurred 
during  BEARING  STAKE.  Note  that  Site  4 is  divided  into  two  parts  in  the  table:  before 
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and  after  the  “crush  event.”  The  “crush  event”  occurred  at  0400Z  on  16  March  1977, 
when  the  OAMS  approached  its  nominal  crush  depth  (305  m).  See  Ref.  10  for  more  details. 
Note  that  OAMS  signal  plus  noise  amplitude  fluctuations  were  less  at  Site  4 before  the 
"crush  event”  than  after  it,  suggesting  that  the  individual  hydrophones  are  producing  more 
self-noise  after  having  been  damaged  by  the  "crush  event.”  (Tips  interpretation  is  supported 
by  noting  that  the  OAMS  noise  amplitude  fluctuation  was  also  increased  after  the  “crush 
event.”)  This  is  the  fust  phenomenon  that  is  discernible  in  Table  5.  The  second  is  seen  by 
noting  that  the  OAMS  signal  plus  noise  amplitude  fluctuations  are  lesl  at  the  first  part  of  the 
Site  4 than  a*  any  previous  site.  This  occurs  because  the  propagation  conditions  were 
less  disturbed  by  bottom  interaction  at  Site  4 than  at  tne  other  sites,  which  were  bottom- 
limited  (e.g..  compare  Figs.  16  and  17).  The  third  phenomenon  relates  to  the  OAMS  array 
being  towed  behind  the  seamount  during  the  Site  2 exercise  (as  discussed  in  Section  2.4). 
Note  in  Fig.  6 that  projector  tows  for  Sites  5 and  2 overlap  in  the  Indus  Fan.  Therefore,  it 
appears  that  the  main  difference  between  projector  tows  5P1  and  2P3A  is  the  presence  of 
the  seamount  between  the  2P3A  projector  tow  track  and  the  OAMS  array.  As  observed 
from  the  tables  in  Ref.  10.  the  S 'N  values  are  lower  for  Site  2 than  Site  5 by  about  5 dB. 
Table  5 agrees  with  this  by  showing  higher  OAMS  signal  plus  noise  amplitude  fluctuation 
at  Site  2 than  at  Site  5. 

(U)  Here  are  some  further  observations  from  Table  5.  With  respect  to  BMA  and 
OAMS  signal  plus  noise  amplitude  fluctuation  behavior.  Sites  3 and  IB  are  essentially  the 
same.  Note  that  at  both  Sites  3 and  1 B that  the  BMA  and  OAMS  signal  plus  noise  ampli- 
tude fluctuation  behavior  is  essentially  the  same.  The  LATA  (in  contrast  to  the  OAMS) 
fails  to  detect  less  signal  plus  noise  amplitude  fluctuation  at  Site  4 (which  has  little  bottom 
interaction)  than  at  Site  :■  (which  is  bottom-limited).  In  fact,  the  LATA  sensed  similar 
signal  plus  noise  amplitude  fluctuation  at  Sites  4.  5 and  2.  This  appears  to  be  due  to  the 
more  complex  sound-speed  profile  that  occurs  at  the  LATA  tow  depth:  see  Section  2.4. 

Note  that  Sites  3 and  1 B for  the  BMA  and  Sites  4.  5 and  2 for  the  LATA  are  essentially 
the  same  with  respect  to  signal  plus  noise  amplitude  fluctuation.  Finally  note  that  the 
noise  amplitude  fluctuation  as  measured  with  all  three  arrays  is  quite  similar  at  ail  five  sites. 


3.3  (U)  DISCUSSION  OF  SITE  3 

3.3.1  (U)  OAMS  Array  Phase  Coherence  and  Array  Signal  Gain 

(C)  The  OAMS  phase  coherence  data  analysis  for  Site  3 is  summarized  in  Tables  1-5 
flrrough  1-9  and  in  Figures  1-2  through  I-2S(Kef.  10)  for  25.  42.  140  and  290  Hz.  The 
OAMS  array  signal  gjin  data  analysis  for  Site  3 is  summarized  in  Tables  IV-1  through  IV-3 
and  Figures  1V-2  through  IV-7  (Ref.  13)  for  25  and  42  Hz.  The  tables  give  AT  (the  averag- 
ing time  interval)  20  logjQ  flic  source  bearing  «l»  |see  Eq.  ( A-3)j.  Cp.  Z^.  Cy  (see  Eq. 

( A-!3)|.  AST.  (for  weighted  and  unweighted  beam  formers:  see  Eq.  i.A-24)}.  S.N  (the  signal 
plus  noise  to  noise  ratio  in  dB).  and  the  range  K.  Based  upon  these  results  some  observa- 
tions can  be  made  about  the  phase  coherence ! as  measured  by  Cp)  and  the  army  signal  gain 
(as  measured  bv  ASO  a(  Site  3 for  the  OAMS  arrav. 


49 

CONFIDENTIAL 


CONFIDENTIAL 


§ 


a 

1 

I 

I 

I 

I 

,1 


(C)  The  OAMS  array  phase  coherence  and  array  signal  gain  data  were  taken  on 
three  linear  projector  tows  across  the  center  of  the  Indus  Fan:  see  projector  tows  3P1 
(i.e..  projector  tow  PI  for  Site  3).  3P3  and  3P4  in  Fig.  3.  The  relevant  figures  and  tables  of 
Ref  10  show  that  the  phase  coherence  decreases  severely  as  the  frequency  increases  from  25 
to  290  Hz.  while  the  S 'N  values  remain  comparable  and  high.  This  S/N  behavior  is  explained 
as  follows.  Although  the  projector  source  level  was  less  at  higher  frequencies  and  although 
the  propagation  loss  increases  with  frequency  due  to  higher  bottom  reflection  losses,  the 
ambient  noise  level  also  was  less  at  higher  frequencies,  and  this  kept  the  S/N  values  high. 
While  there  is  a decrease  in  phase  coherence  with  increasing  frequency  (while  S/N  remains 
high),  which  is  reievart  to  array  periormance  for  these  higher  frequencies  (i.e..  140  and 
290  Hz),  the  real  significance  of  this  trend  must  be  considered  in  terms  of  array  length 
dn  ideJ  by  the  wavelength.  This  is  important  because  it  has  been  observed  that  coherence 
can  decrease  as  the  aperture  length  (in  units  of  wavelength)  increases.  Theiefore.  the  best 
way  to  compare  arravs  at  different  frequencies  is  in  terms  of  phase  coherence  for  constant 
aperture  length  in  units  of  wavelength.  This  latter  procedure  is  suggested  for  more  detailed 
studies  of  phase  coherence  versus  frequency. 

(C)  Figures  1-2  through  1-10  (Ref  10)  and  Figures  IV-2  through  IV-7  (Ref.  13) 
show  that  the  phase  coherence  and  the  array  signal  gain,  respectively,  are  generally  range 
independent  up  to  about  310  km.  \s  an  example  see  Figs.  29  and  30.  which  correspond  to 
projector  tow  3P4  at  25  Hz.  (For  examples  of  140-  and  290-Hz  results,  see  Figs.  31  and 
32.  respectively.)  Note  the  wide  variability  cf  Cp  and  ASG  with  range  due  to  multipath 
interference  in  this  bottom-limited  environment  with  its  complex  sound-speed  profile 
structure  (see  Section  2.4).  Reference  1 2 discusses  the  varying  structure  of  the  signal  field 
along  the  array  that  causes  the  high  variability  of  Cp  and  ASG.  The  scatter  of  values  that 
appear  in  Figs.  29.  30.  etc.  is  due  to  undersampling  of  rangevvise  continuous  functions. 
Figures  IV-2  and  1V-3.  IV-4  and  IV -5.  and  IV-6  and  !V-~  show  that  the  values  of  ASG  are 
somewhat  better  for  the  Hamming-weighted  OAMS  array  than  for  the  unweighted  array. 
This  is.  of  course,  not  surprising  in  a multipath  environment  since  the  weighting  decreases 
the  contribution  to  ASG  of  sensor  group  pairs  at  greater  separations,  i.e..  reducing  the 
effective  array  aperture. 


3.3.2  (U)  B.MA  Phase  Coherence  and  Array  Signal  Gain 

(C)  Tile  8MA  phase  coherence  data  analysis  for  Site  3 is  summarized  in  Tables 
II- 1 and  II-2  and  in  Figures  I!-5  and  II-6  ( Ref.  1 1 ) for  25  and  36  Hz.  The  B.MA  array  signal 
gain  data  analysis  for  Site  3 is  summarized  in  Tables  IV- 14  and  IV-15  and  in  Figures  IV-2S 
and  1V-29  (Ref.  13)  for  25  and  36  Hz.  The  BMA  phase  coherence  and  array  signal  gain 
data  were  taken  on  two  straight  projector  tows  across  the  center  of  the  Indus  Fan:  see 
projector  tews  3P2  and  3P4  in  Fig.  3.  Figures  11-15  and  11-16  and  Figures  IV-30  and 
IV-31  show  that  the  phase  coherence  and  the  arrav  signal  gain,  respectively,  are  generally 
range  independent  up  to  300  km.  As  an  example,  see  Figs.  33  and  34.  which  correspond 
to  projector  tow  3P4  at  25  Hz.  Note  the  wide  variability  of  Cp  anu  ASG  with  range  that 
was  observed  in  Section  3.3.1. 
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Figure  29 . (C)  Phase  coherence  as  a function  of  ranee;  QAMS 
array: Site  3:tracfc  3P4;25  Hz:  10-1 ! February  1977.  (C) 


RANGE  (km) 

Figure  30.  (C)  Array  signal  gain  vs  range,  calculations  with  unity 
weights.  OAMS array:  Site  3.  track  3P4;  10-1 1 February  1977; 
25  Hz.  (C) 
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3.3.3  (U)  Comparison  of  the  BMA  and  the  OAMS  Array 

(C ) Figures  2‘*.  30.  33.  and  '4  give  the  relative  phase  coherence  behavior  and  ihe 
relative  army  signal  gain  behavior  on  projector  tow  3P4  of  the  OAMS  array  (with  the  source 
bearing  near  90  deg)  i.e..  near  broadside  and  the  BMA  (with  the  source  bearing  near  16  deg) 
as  a function  of  range  at  25  II/.  As  «.an  be  seen  from  these  figures,  the  performances  of  the 
bottom-mounted  and  the  mid-depth  towed  arrays  are  comparable.  Therefore,  it  appears 
that  for  this  bottom-limited  region  ot  the  Northwestern  Indian  Ocean,  the  phase  coherence 
and  the  arras  signal  gain  performances  are  essentially  the  same  for  bottom-mounted  and 
mid-depth  towed  arras  s.  As  was  shown  in  Ref.  1 1 . the  sensor  spacing  for  the  BMA  at  Site  3 
was  considerably  different  from  that  for  the  OAMS  array . To  obtain  a more  nearly  accurate 
comparison  of  the  towed  array  with  the  BMA.  a subset  OAMS  army  (configured  similarly 
in  sensor  spacing  to  the  BMA  at  Site  3 > was  studied.  References  1 1 and  1 3 show  that  this 
subset  lowed  array  performed  essentially  the  same  as  the  bottom-mounted  array  with 
regard  to  phase  coherence  and  array  signal  gain  behavior.  Incidentally.  Figures  IY-6.  IV-~ 
and  1Y-35  show  that  the  unweighted  total  and  subset  OAMS  arrays  are  similar  in  ASG  range- 
wise  performance,  while  the  weighted  OAMS  array  slightly  outperforms  both  these  cases. 

3.4  (U)  DISCUSSION  OF  SITE  IB 

3.4.1  (U>  OAMS  Array  Phase  Coherence  and  Array  Signal  Gain 

(C)  The  OAMS  array  phase  coherence  data  analysis  for  Site  IB  is  summarized  in 
Tables  MO  through  1-1 2 —id  in  Figures  1-29  through  1-31  (Ref.  10)  for  25.  140  and  290  Hz. 
The  OAMS  array  signal  gain  data  analysis  for  Site  IB  is  summarized  in  TaMe  IY-4  and  in 
Figures  IY-S  and  1Y-9  iRei.  13)  for  25  Hz.  The  OAMS  array  phase  coherence  and  array- 
signal  gain  data  ..ere  taken  on  one  linear  projector  tow  over  the  Oman  Basin:  see  projector 
tow  1 BP1  in  Fig.  4.  The  relevant  figures  and  tables  ot  Ret.  10  snow  that  the  phase  coher- 
ence decreases  severely  as  the  frequency  increases  from  25  to  290  Hz  while  the  S N values 
remain  comparable  and  high.  This  i'  similar  to  the  behavior  for  Site  3 and  the  explanation 
given  in  Section  3.3.1  applies  here  also.  Figures  35  and  36  show  that  the  phase  coherence 
and  the  array  signal  gain  is  generally  range  independent  up  to  about  200  km.  where  they 
decrease  somewhat  with  range  out  to  about  300  km.  Tim  decrease  in  phase  coherence  and 
array  signal  gain  corresponds  to  the  source  being  towed  over  an  irregular  sloping  bottom  as 
shown  in  Fig.  4.  There  is  no  significant  decrease  in  S N values  during  the  tow  over  the 
sloping  irregular  bottom,  so  the  decrease  in  phase  coherence  and  array  signal  gain  appears 
to  be  caused  by  the  irregularity  ot  the  bottom  contour.  Note  the  wide  variability  in  Cp 
and  ASG  with  range  due  to  multipath  interference  ts  increased  by  the  irregular  bottom  slope 
region.  Comparing  Figures  1Y-S  and  !Y-°  shows  that  the  values  of  ASG  are  somewhat  better 
for  the  weighted  OAMS  array  than  for  the  unweighted  array . This  was  also  observed  in 
Section  3.3.1. 


3.4.2  (U)  BMA  Phase  Coherence  and  Array  Signal  Gain 

(C>  The  BMA  phase  coherence  data  analysis  for  Site  1 B is  summarized  in  Tables 
11-3  through  II--  and  in  I igures  11-2 1 through  11-35  t Ref.  1 1 ) for  25.  36.  and  42  Hz.  The 
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BMA  array  signal  gain  data  analysis  for  Site  IB  is  summarized  in  Tables  J\-16  through  l\-20 
and  in  Figures  IV-30  througl;  IV-34  (Ref.  13)  for  25.  36.  and  42  Hz.  The  BMA  phase  coher- 
ence and  array  signal  gain  data  were  taken  on  five  projector  tows  over  the  Oman  Basin: see 
projector  tows  IBP!.  IBP4.  IBP3.  lBP2and  IBP5.  Only  the  results  for  projector  tow  1 BP  1 
are  of  interest  here  since  the  results  for  the  other  tows  agree  with  the  behavior  for  tow  1 BP1 
discussed.  Figures  3~  and  38  show  that  the  phase  coherence  and  the  array  signal  gain  are 
generally  range  independent  up  to  about  300  km.  and  the  irregular  bottom  slope  has  no 
apparent  effect  on  ASG  beyond  200  km.  Note  the  wide  variability  of  Cp  and  ASG  with 
range  due  to  muliipath  interference  is  not  increased  by  the  irregular  bottom  slope  region. 


3.4.3  (U)  Comparison  of  the  BMA  and  the  OAMS  Array 

<0  > Figures  35  through  3<S  give  the  relative  phase  coherence  behavior  and  the 
relative  array  signal  gam  behavior  on  projector  tow  1 BP1  for  the  OAMS  array  (with  the 
source  bearing  generally  between  ~5  and  1 00  deg)  and  the  BMA  (with  the  source  bearing 
near  160  deg)  as  a function  of  range  at  25  11/.  As  can  be  seen  from  these  figures,  for  the 
bottom-mounted  am  the  phase  coherence  and  the  array  signal  gain  showed  no  rangewisc 
increase  in  variability  and  no  rangewise  change  due  to  the  irregular  bottom  slope  (possibly 
due  to  the  presence  of  bottom  paths).  On  the  other  hand,  for  the  mid-depth  towed  array, 
the  phase  coherence  and  the  array  signal  gain  decreased  and  became  more  variable  as  the 
projector  was  towed  over  -.be  irregular  sloping  bottom.  Observe  that  the  phase  coherence 
behavior  and  the  arrav  signal  gain  behavior  of  the  bottom-mounted  and  the  mid-depri* 
towed  arrays  were  comparable  before  the  irregular  bottom  sloping  ranges  (this  is  in  agree- 
ment with  the  results  for  projector  tow  3P4  in  Section  3.3.3).  Therefore,  it  appears  that 
for  this  bot«o?n-limited  region  (near  Site  IB)  of  the  Northwestern  Indian  Ocean  the  phase 
coherence  and  the  array  signal  gain  performances  are  essentially  the  same  for  bottom- 
mounted  and  mid-depth  towed  (above  250  m:  see  Section  2.4)  arrays  except  for  the  irregu- 
lar bottom  slope  region.  Figures  2°.  30.  jnd  33  through  38  show  that  the  phase  coherence 
behavior  and  the  array  signal  gain  behavior  at  Site  3 and  at  Site  IB  (until  the  irregular 
bottom  slope  region)  are  comparable  for  the  BMA  and  the  OAMS  array.  Therefore,  it 
appears  (hat  there  is  no  significant  difference  in  phase  coherence  and  atray  signal  gain 
behavior  between  these  two  sites.  This  is  especially  true  due  to  the  wide  rangewise  van- 
ability  of  Cp  and  ASG  caused  by  the  multipath  interference  in  these  bottom-limited 
regions  with  their  complex  sound-speed  profiles.  As  was  shown  in  Ref.  1 i . the  sensor 
spacing  for  l e BMA  at  Site  1 B was  considerably  different  from  that  for  the  OAMS  array. 
To  obtain  a more  nearly  accurate  comparison  of  the  towed  array  with  the  BMA.  a subset 
OAMS  array  (configured  similarly  in  sensor  spacing  to  the  BMA  at  Site  1 B)  was  studied. 
References  10  and  1 1 show  that  this  subset  lowed  array  performed  essentially  the  same  as 
the  bottom-mounted  array  with  regard  to  phase  coherence  and  array  signal  gain  behavior 
except  that  the  BMA  behavior  was  much  less  disturbed  by  the  irregular  slopiing  bottom. 
This  latter  phenomenon  may  indicate  that  the  BMA  was  receiving  a significant  amount  of 
sound  propagation  through  bottom  paths.  Incidentally.  Figures  iV-8.  IV-9  and  JV-36  show 
that  the  unweighted  and  the  subset  OAMS  arrays  are  similar  in  ASG  rangewise  behavior, 
while  the  weighted  OAMS  arrav  sliahtlv  outperforms  both  these  cases. 
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3.5  (U)  DISCUSSION  OF  SITE  4 


3.5.1  (Ul  OAMS  \rray  Phase  Coherence  and  Array  Signal  Gain 

(C  ) The  OAMS  phase  coherence  data  analysis  for  Site  4 is  summarized  in  Tables 
1-13  through  I- 20 and  in  Figures  I-3S  through  Ml  (Ref.  10)  for  25.  36  and  140  Hz.  The 
OAMS  arra>  signal  gain  d ita  analy  sis  for  Site  4 is  summarized  :n  Tables  I V-5  through  I V-7 
and  in  Figs.  IV- 10  througi  IV- 1 5 ( Ref.  1 3 ) for  25  and  36  Hz.  The  OAMS  array  phase  coher- 
ence and  array  signal  gain  data  were  taken  on  three  projector  tows  in  the  Somali  Basin: 
see  projector  tow>  4P» . 4P3  and  4P5  in  Fig.  5.  The  relevant  figures  and  tables  of  Ref.  10 
show  that  the  phase  coherence  decreases  severely  as  the  frequency  increases  from  25  to 
140  Hz.  while  the  S N values  remain  comparable  and  high.  This  is  similar  to  the  behavior 
for  Sites  3 and  1 B and  the  explanation  is  given  in  Section  3.3.1 . Figures  39  and  40  show 
that  the  phase  coherence  and  the  arras  signal  gain  are  generally  range  independent  up  to 
about  150  km  on  projector  tow  4P1  at  25  Hz.  Note  the  wide  variability  of  C_  and  ASG 
with  range  due  to  multipath  interference.  Comparing  Figs.  29.  30.  39.  and  40  shows  that 
the  phase  coherence  and  the  array  signal  gain  is  less  variable  on  projector  tow  4P1  than 
on  projector  tow  3P4.  This  behavior  reflects  the  tact  that  the  Site  3 is  bottom-limited  while 
Site  4 is  not  (see  Section  2.4).  Figures  4i  and  42  show  that  the  phase  coherence  and  the 
array  signal  gain  are  apparently  range  independent  on  projector  tow  4P5  at  36  Hz  up  to 
about  250  km.  This  decrease  in  space  coherence  and  array  signal  gain  corresponds  to  the 
source  being  towed  over  an  irregular  sloping  bottom  as  shown  in  Fig.  5.  Because  there  is 
r.o  significant  decrease  ir.  S N values  during  the  tow  over  the  itreguiar  sloping  bottom, 
the  decrease  in  phase  coherence  and  array  signal  gain  appears  to  be  caused  by  the  irregu- 
larity of  the  bottom  slope  region.  This  behavior  also  occurred  on  1 BP!  and  is  discussed  in 
Section  3.3.1 . Figures  1-39  and  IV-13  show  the  Cp  and  ASG  values,  respectively,  for  the  arc 
low  4P3  at  25  Hz.  Here  the  low  values  occur  at  low  S N values  and  there  appears  to  be  no 
bearing  dependence  in  Cp  and  ASG.  Figures  1Y-10  and  IY-1 1.  IV-!  2 and  IV-i3.  and  IV-i4 
and  IV- 1 5 show  that  the  values  of  ASl  > are  somewhat  better  for  the  weighted  OAMS  array 
than  for  the  unweighted  arrays.  This  was  also  observed  in  Sections  3.3.1  and  3.4.1 . Unfor- 
tunately much  interesting  OAMS  coherence  data  was  lost  on  1 ~ and  1 S March  19  because 
the  source  frequency  went  to  39  Hz  rather  than  the  planned  frequency  of  36  Hz.  (The 
quadrature  detector  had  not  been  built  to  handle  39  Hz.) 


3.5.2  (U ) LATA  Phase  Coherence  and  Array  Signal  Gain 

(C)  The  LATA  phase  coherence  data  analysis  for  Site  4 i>  summarized  in  Tables 
IN-2  through  1II-4  and  in  Figs.  I5I-1".  IH-21.  and  Hl-25  (Ref.  12)  for  25  Hz.  The  LATA 
array  signal  gain  data  analysis  for  Site  4 is  summarized  in  Tables  IV-2  through  1V-4  and  in 
Figs  IV- 1 “.  IV-2 1 . and  IV-25  ( Ref.  1 3 > for  25  Hz.  The  LATA  array  signal  gain  data  analysis 
for  Site  4 was  taken  on  three  projector  lows  in  the  Somali  Basin:  see  projector  tows  4P1. 
4P2  and  4P3  in  Fig.  5.  Only  the  results  for  projector  low  4PI  w ill  be  considered  here  since 
the  lesults  for  projector  tow's  4P2  and  4P3  are  essentially  the  same.  Figures  43  and  44  show 
that  both  the  phase  coherence  and  the  array  signal  gain  are  generally  range  independent  up 
to  about  200  km.  but  both  vary  greatly  due  to  multipath  interference  and  the  sound-speed 
profile  small-scale  structure  discussed  in  Section  2.4. 


CONFIDENTIAL 


m 


'-5--fi<i 


g£&£ 


CONFIDENTIAL 


1 

I 

*■» 

g 

9 

1 


■a 


3.5.3  (U)  Comparison  of  the  LATA  and  thcOAMS  Array 

(C)  Figures  39.  40.  43  ami  44  give  the  relative  phase  coherence  behavior  and  the 
relathe  array  signal  gain  behavior  on  the  projector  tow  4F1  of  the  OAMS  array  (with  the 
source  bearing  near  90  deg)  and  of  the  LATA  (with  source  bearing  varying  from  30  to 
1 80  deg)  as  a function  of  range  at  25  H/.  As  can  be  seen  from  these  figures,  the  OAMS 
phase  coherence  and  array  signal  gain  was  higher  and  far  less  variable  than  for  the  LATA. 
As  discussed  in  Section  2.4.  this  difference  in  behavior  is  attributed  to  the  OAMS  array 
operating  at  200  m.  which  is  above  the  complex  sound-speed  profile  structure  that  occurs 
below  about  250  m.  and  the  LATA  operating  at  300  m.  which  is  definitely  in  the  more 
complex  profile  structure. 

( U)  The  different  aperture  lengths  and  in  drophone  group  spacing  of  LATA  with 
respect  to  those  for  the  OAMS  arms  haw  to  be  considered  in  this  comparison.  By  using  a 
LATA  subset  array  that  matched  the  OAMS  arras  geometry  fairiy  well  (see  Ref.  12).  it  is 
shown  that  the  rangewise  variability  in  the  subset  LATA  data  was  only  slightly  reduced 
from  that  for  the  total  LATA. 


3.6  <U)  DISCUSSION  OF  SITE  5 

3.6.1  (U)  OAMS  Array  Phase  Coherence  and  Array  Signal  Gain 

(C ) The  OAMS  array  phase  coherence  data  analysis  for  Site  5 is  summarised  in 
Tables  1-21  through  1-25  and  in  Figures  1-48  through  1-52  (Ref.  10)  for  25.  36.  140  and 
290  Hz.  The  OAMS  array  signal  gain  data  analysis  for  S>te  5 is  summarized  in  Tables  IV-8 
through  IV-10  and  in  Figures  JV-16  through  I V-2 1 t Ref.  13)  for  25  and  36  Hz.  The  OAMS 
array  phase  coherence  and  array  signal  gain  data  were  taken  on  three  projector  tows  over  the 
indus  f-'an  and  the  Carlsberg  Ridge;  sec  projector  tows  51*1 . 51*3  and  5P5  in  Fig.  6.  Only  the 
lesuits  for  projector  tow  5P1  will  be  considered  here  since  the  S N values  on  the  other  pro- 
jector tows  were  generally  low.  The  relevant  figures  and  tables  of  Ref.  10  show  that  the 
phase  coherence  decreases  severely  as  the  frequency  increases  from  25  to  !40  Hz.  while  the 
S N values  remain  comparable  and  high.  This  is  similar  to  the  behavior  for  Sites  3.  ! B and  4. 
and  the  explanation  is  given  in  Section  3.3. 1 . Figures  45  and  46  show  that  the  phase  coher- 
ence and  the  array  signal  gain  are  generally  range  independent  up  to  about  ~50  km.  Note 
again  the  wide  variability  in  Cp  and  ASG  with  range  due  to  multipath  interference.  Compar- 
ing Figs.  39. 40. 45.  and  46  shows  that  the  phase  coherence  and  the  array  signal  gain  are  less 
variable  on  projector  tow  4P1  than  on  projector  tow  5P1 . This  behavior  reflects  the  fact 
that  the  data  for  the  bottom-limited  Site  5 is  more  variable  than  the  data  for  Site  4.  which  is 
not  bottom-limited  (see  Section  2.4).  Figures  1V-16  and  IV- 1 7 show  that  the  values  of  ASG 
are  somewhat  better  for  the  weighted  OAMS  array  than  for  the  unweighted  array. 

3.6.2  (U)  LATA  Phase  Coherence  and  Array  Signal  Gain 

(C)  The  LATA  phase  coherence  data  analysis  for  Site  5 is  summarized  in  Table 
III-5  and  in  Figure  HI-29  (Ref.  12)  for  25  Hz.  The  LATA  array  signal  gain  data  analysis  for 
Site  5 is  summarized  in  Tabic  IV-26  and  in  Fig.  IV-40  (Ref.  13)  for  25  Hz.  Nothing  will  be 
said  about  the  LATA  results  at  Site  5 since  not  much  LATA  data  was  processed  for  Site  5 
due  to  time  constraints  placed  on  the  project. 
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RANGE,  km 


Figure  45 . (C)  Phase  coherence  as  a function  of  range:  OAMS  array:  Site  5 
track  5P1 . 12-14  April  1977:25  Hz.  (C) 


RANGE,  km 

Figute  46.  (C)  Array  signal  gain  %'s  range,  calculations  with  unity  weights. 
OAMS  array;  Site  5:track  5P5 ; 12-14  Aprii  1977.  (C) 
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3.7  <U>  DISCUSSION  OF  SITE  2 

3.7.1  (U)  OA.MS  Array  Phase  Coherence  and  Array  Signal  Gain 

(C)  The  OA.MS  array  phase  coherence  data  analysis  for  Site  2 is  summarized  in 
Tables  1-26  through  1-5 1 and  in  Figures  1-63  through  1-6S  (Ref.  10)  for  25  and  140  Hz.  The 
OA.MS  array  signal  gain  data  analysis  for  Site  2 is  summarized  in  Tables  IV-1 1 through  IV-13 
and  in  Figures  IV-22  through  IV-27  (Ref.  13)  for  25  Hz.  The  OAMS  array  phase  coherence 
and  array  signal  gain  data  were  taken  on  three  projector  tows  over  the  Indus  Fan:  see  pro- 
jector tows  2P2.  2P3A  and  2P3  in  Fig.  6.  Unfortunately  all  the  OAMS  array  towrs  for  Site  2 
were  conducted,  as  shown  in  Fig.  6.  behind  an  elongated  seamount  in  the  eastern  Indus  Fan. 
Figure  IS  shows  the  effect  of  the  seamoun,  on  some  ray  traces  for  a typical  Site  2 case,  and 
Section  2.4  discusses  the  consequences  of  the  presence  of  a seamount  near  Site  2.  Figures  47 
and  4S  show  that  the  phase  coherence  and  the  array  signal  gain  were  generally  range  inde- 
pendent up  to  about  lOGG  km  but  were  somewhat  reduced  and  much  more  variable  on 
projector  tow  2P3.A  (seamount)  than  the  comparable  case  of  projector  tow  5P1  (no  sea- 
mount) shown  in  Figs.  45  and  46.  Tables  1-21  and  I-2SA  show  that  the  S/N  values  were 
about  an  average  of  5 dB  higher  and  less  variable  at  similar  ranges  for  projector  tow  5P1 
than  for  projector  tow  2P3A.  In  short,  given  conditions  which  are  otherwise  identical  (i.e.. 
same  range  and  source  strength),  the  seamount  produces  f*erturbations  in  the  measurements 
of  phase  coherence  and  array  signal  gain  that  would  otherwise  not  have  appeared.  This 
situation  seems  to  account  for  the  reduced  S N values  for  Site  2. 


3.7.2  (U)  LATA  Phase  Coherence  and  Array  Signal  Gain 

(C)  The  LATA  phase  coherence  data  analysis  for  Site  2 is  summarized  in  Table 

III- 6  and  III-7  and  in  Figures  III-33  and  111-34  ( Ref.  1 2)  for  25  Hz.  The  LATA  array  signal 
gain  analysis  for  Site  2 is  summarized  in  Tables  !V-2~  and  IV-2S  and  in  Figures  IV-41  and 

IV- 42  (Ref.  13)  for  25  Hz.  The  LATA  phase  coherence  and  array  signal  gain  analysis  data 
were  taken  on  two  projector  tows  over  the  Indus  Fan:  sec  projector  tows  2P3A  3nd  2P3  in 
Fig.  6.  Tile  results  for  these  two  tows  are  very  similar.  Figures  46  3nd  50  show  that  both 
the  phase  coherence  and  the  array  signal  gain  are  generally  range  independent  up  to  about 
550  km.  but  both  vary  greatly  due  to  multipath  interference  and  the  small-scale  sound- 
speed  profile  structure  discussed  in  Section  2.4.  The  source  hearing  varied  from  10  (o  150 
deg.  Due  to  the  influence  of  the  seamount  on  the  OAMS  data,  a useful  comparison  of  the 
LATA  and  the  OAMS  array  results  a-:  Site  2 cannot  be  made. 
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5.  (U)  CONCLUSIONS 

(0)  Since  the  Northwestern  Indian  Ocean  is  usually  bottom-limited  and  the  sound- 
speed  profiles  are  complex,  a considerable  rangewise  variability  exists  in  the  plots  of  phase 
coherence  and  army  signal  sain  for  this  multipath  environment.  This  variability  increases 
due  to  the  presence  of  irregular  bottom  slopes  as  well  as  seamounts.  This  variability  is  the 
dominant  characteristic  of  this  body  of  water  when  the  performance  of  long  horizontal 
acoustic  arrays  is  considered.  Thence,  a general  assessment  of  signal  coherence  for  the 
Northwestern  Indian  Ocean,  based  on  the  BEARING  STAKE  data,  is  as  follows.  The 
coherence  will  be  a manageable  problem  for  the  performance  of  long  bottom-mounted  and 
mid-depth  towed  array  systems  used  for  surveillance  if  sufficient  rangewise  sampling  is 
employed  and  the  towed  arrays  are  not  operated  in  the  depth  region  of  complex  sound- 
speed  profile  structure. 

(O  Front  the  detailed  area  assessment  in  Section  3 several  conclusions  can  he 
reached  about  the  performance  of  long  horizontal  acoustic  arrays  in  the  Northwestern 
Indian  Ocean. 

1.  (U)  The  degree  of  amplitude  fluctuations,  as  measured  by  21^.  does  not 
change  much  with  frequency  and  is  largely  range  independent  up  to  about  1000  km  even 
over  irregular  sloping  bottoms. 

2.  if)  The  phase  coherence  decreases  severely  with  increasing  frequency,  even 
when  the  S N values  remain  high  enough  that  noise  correlations  are  negligible  This  behavior 
is  discussed  in  detail  in  Section  3.3.! . Because  the  phase  coherence  decreases  severely  with 
increasing  frequency,  the  array  signal  gain  should  also  decrease  markedly  with  frequency 
increases:  sec  Appendix. 

3.  (U)  The  phase  coherence  and  the  array  signal  gain  are  generally  range  inde- 
pendent up  to  about  1000  km  except  when  the  projector  is  passing  over  an  irregular  sloping 
bottom.  They  decrease  and  become  more  variable  for  a mid-depth  towed  array,  but  not  for 
a bottom-mounted  array,  when  the  projector  is  passing  over  an  irregular  sloping  bottom. 
Tins  behavior  may  reflect  the  importance  of  bottom-propagated  sound  paths  for  a bottom- 
mounted  array. 

4.  (U>  The  phase  coherence  and  the  array  signal  gain  are  widely  variable  with 
range  due  to  multipath  interference  and  become  more  variable  in  an  irregular  bottom 
slope  region  for  a mid-depth  towed  array,  but  not  for  a bottom-mounted  array.  They  were 
less  variable  at  the  only  site  (Site  4).  where  propagation  was  not  bottom-limited. 

5.  (C)  The  relative  phase  coherence  behavior  and  the  relative  array  signal  gain 
behavior  of  a mid-depth  lowed  anay  and  of  a bottom-mounted  array  were  compared  on 
projector  low's  31*4  Sin  Section  3.3.3)  and  1BP1  (in  Section  3.4.3)  at  25  Hz.  The  perform- 
ances of  the  bottom-mounted  array  tat  about  20  deg  off  endfirc)  and  the  mid-depth  towed 
array  tnear  broadside)  were  comparable  and  neither  array  showed  a rangewise  deduction  in 
phase  coheret.ee  and  in  array  signal  gain  (except  in  the  irregular  bottom  slope  region  on 
projector  tow  IBl’l  i.  Therefore,  it  appears  that  for  the  bottom4imited  regions  of  the 
Northwestern  Indian  Ocean  the  phase  coherence  and  the  array  signal  gain  behavior  of  the 
bottom-mounted  and  mid-depth  (above  about  250  m)  towed  arrays  3re  essentially  the 
same.  See  Section  2.4  for  a discussion  of  arrays  lowed  below  250  m. 
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6.  (U)  It  was  observed  that  the  sensor  spacing  configuration  for  the  BMA  at 
Sites  3 and  1 B were  considerable  different  from  the  OAMS  array  sensor  group  spacing.  To 
obtain  a more  accurate  comparison  of  the  towed  array  with  the  BMA.  subset  OAMS  arrays 
(configured  similarly  in  sensor  spacing  to  the  BMA  at  Sites  3 and  1 B)  were  studied.  It  was 
found  that  the  bottom-mounted  arra\s  performed  essentially  the  same  as  the  subset  towed 
arrays  and  that  again  no  array  showed  any  rangewise  reduction  in  phase  coherence  and  array 
signal  gain  (except  in  the  irregular  bottom  slope  region  on  projector  tow  IBP! ).  The  subset 
OAMS  arrays  performed  essentially  the  same  as  the  total  OAY^  array  for  phase  coherence 
and  array  signal  gain. 

7.  (U)  There  is  no  significant  difference  in  phase  coherence  or  in  array  signal 
gain  behavior  between  the  bottom-limited  regions  near  Sites  3 and  IB.  while  the  Site  4 
region  (which  is  not  bottom-limited)  evinced  less  variable  behavior. 

8.  (O  In  the  Northwestern  Indian  Ocean,  the  surveillance  performance  of  towed 
arrays  may  be  significantly  dependent  on  the  array  tow  depths  because  of  the  presence  of  a 
mid-depth  region  of  sound-speed  profile  complexity  (see  Section  2.4). 

9.  (U)  When  soun  ! was  received  by  the  OAMS  array  from  a source  towed  behind 
a seamount  for  Site  2.  the  S 7x  was  often  too  low  to  allow  estimation  of  phase  coherence 
and  array  signal  gam. 
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APPENDIX: 

METHODOLOGY  OF  COHERENCE  AND  ARRAY  SIGNAL  GAIN  (U> 

A. I <U>  INTRODUCTION 

(C)  Coherence  measurements  were  conducted  during  BEARING  STAKE  because 
signal  plus  noise  coherence  gives  a quantitative  measure  of  array  performance  under  a 
'.ariety  of  oceanographic  conditions  when  the  S/N  is  sufficiently  high.  This  permits  the 
evaluation  and  direct  comparison  of  passive  surveillance  systems  under  vary  ing  test  condi- 
tions. In  particular,  in  comparing  the  fixed  horizontal  bottom-mounted  array  with  the 
towed  horizontal  mid-depth  arras  s in  the  Northwestern  Indian  Ocean  environment,  the 
coherence  along  each  array  yields  performance  as  a function  of  frequency  and  of  range  from 
the  towed  source  as  it  travels  over  a varying  ocean  bottom.  The  array  with  the  largest 
coherence  (normalized  to  have  a maximum  of  unity ) will  give  the  better  signal  input  to  the 
beaniformer  at  the  given  frequency . A plane  wave  (i.e..  a unidirectional  received  signal), 
homogeneous  in  amplitude  along  a straight  horizontal  array . is  assumed  in  the  design  of 
conventional  beamformers.  Therefore,  the  coherence  along  the  array  can  be  used  as  a 
measure  of  fceatnformer  performance  degradation  due  to  nonplanar.  nonhomogeneous 
signals  and  or  array  deformation.  The  phase  coherence  and  array  signal  gam  measure  the 
degradation  in  beam  directivity  as  a function  of  range  and  frequency  while  the  amplitude 
nonhomogeneity  relates  to  the  degradation  in  the  expected  sidelobe  suppression.  Thus, 
the  measurement  of  phase  coherence  and  array  signal  gain  gives  the  relative  merits  of  array  s. 
Since  the  array  with  the  largest  coherence  (when  the  aperture  size  is  comparable  and  the 
frequency  is  the  same)  provides  the  best  mean  signal  plus  noise  input  to  a conventional 
benmformer.  it  represents  the  best  detection  performance  capabilities  under  the  prevail- 
ing. conditions.  Likewise,  the  hugest  array  signal  gain  y ields  the  best  output  for  a conven- 
tional beaniformer. 

(U  l This  report  is  concerned  with  the  study  of  phase  coherence  and  array  signal 
gam  for  long,  horizontal  line  arrays  receiving  multipath  signals  from  long-range,  narrowband, 
low-frequency  towed  CW  projectors  in  the  generally  bottom-limited  Northwestern  Indian 
Ocean.  Narrowband  analysis  techniques  permit  the  understanding  and  quantificatk  n of 
fundamental  signal  data  that  significantly  effect  realizable  system  performance.  Therefore, 
they  provide  a valuable  method  for  evaluating  and  comparing  passive  surevilbnce  array 
systems.  The  phase  coherence  permits  relating  the  array  signal  data  to  the  reduction  in 
the  actual  array  performance  from  that  expected  for  an  ideai  array  in  an  ideal  (vertically 
variable  only)  medium.  Considering  array  signal  gain  directly  relates  actual  performance  to 
that  expected  for  a conventional  linear  beamformer  under  ideal  conditions. 

A.2  (U)  PHASE  COHERENCE 

<U)  The  nairowband.  multipath  signal  plus  noise  arriving  at  the  j1*1  sensor  group 
along  the  long  horizontal  array  at  time  t can  be  described  by  the  relation  A^  cos(£j  - cut ). 
where  Aj  is  the  amplitude.  <>.  is  the  received  phase,  and  oj  is  the  angular  frequency.  (The 
quantities  A(.  <>,  and  tu  are  all  real.)  it  is  assumed,  when  using  the  above  signal  plus  noise 
form,  that  the  slowlv  varying  functions  A,  and  <L  can  be  considered  constant  for  time 
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periods  less  than  20s  to.  The  classical  definition  for  the  coherence  of  two  complex  wave- 
tonns  Fj  and  F-»  is 


<!  j l t>  ' 
(F,  F^>  <F2Ft> 


< 1 . 


( A-l ) 


where  the  operator  < - represents  the  time  average  (generally,  over  about  4 min  for  BEAR- 
ING STAKE  data)  and  the  asterisk  denotes  the  complex  conjugate.  For  convenience  in 
narrowband  >onar  array  analysis,  the  classical  coherence  approach  is  modified  as  follow’s, 
the  composite  (due  to  multipath  arrivals)  instantaneous,  narrowband  response  of  the  j**1 
sensor  group  can  be  represented  (after  basebanding  by  a quadrature  detector)  by 

i}0:— ( (C-tu  It  | 

Fj = Aje  * J ° - (A-2) 

where  oj0  is  the  angular  frequency  at  the  center  of  the  frequency  bin.  Tc  determine  the 
bearing  ‘I»  of  the  source  of  interest  the  appropriate  peak  B(*l>)  of  the  phase-only  linear 
beam  former  output. 


B(«F) 


J 

<cos{  (Oj  - ) -kc(  dj  - d^ ) cos  «J»  | X 1 

C^i 


(A-3) 


is  found,  where  k0  is  the  wavenumber.  J is  the  total  number  of  sensor  groups  in  the  array, 
and  dj  is  the  distance  from  the  center  of  the  first  sensor  group  to  the  center  of  the  j1*1  sensor 
group  (d  |=0'  «l»  is  chosen  to  be  zero  for  a forward  endfire  arrival.  Then  the  "steered  phase” 


0j  = <>j  - k;>dj  cos '!»  ( A-4) 

is  computed.  (Note  that  Oj  = 6^  for  ail  j = f with  j.tcf  1 JJ  when  a plane  wave  is  received  by 
a linear,  horizontal  array .)  The  signal  pius  noise,  steered  toward  *1*.  is  obtained  as 

l|0:  -tcC-CC  J I -ik  d;  COS  *1*1 

{.  s AjC  J ° = Fj  e ° ) (A-5) 

It  is  assumed  that  the  instantaneous  amplitude  can  be  written  as 

Aj  = vy*&Aj  . ( A-6) 

where  oAj  is  the  amplitude  fluctuation  and  <Aj>  ~ tA^>  for  j~t  represents  the  arr.phtude 
variation  nonhomogeneity . Ihe  term  "fluctuation”  denotes  the  rapid  time-wise  changes 
that  can  be  averaged  out.  leaving  the  slowly  changing  mean  structure  that  is  referred  to  as 
the  "variat’on"  of  the  physical  parameter  of  interest. 

Si  ) It  is  interesting  to  consider  briefly  the  multipath  decomposition  of  For  M 
muitipaths  to  sensor  group  j 
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ID:  V 

-v  Js  z 


a - 

Vl*- 


where  vmj  = kQdj  cos  ‘I>m.  is  a linear  superposition  so  a linear  beamformer  treats  each 
contributing  path  independently.  Then 


f = iei!Vu'uo>1lEL;i,<^o)t  V a J^mj 
j j Z mJ 

m=l 

where  = kQdj(cos  - cos  4»).  Define  the  beamformer  output 
with  weiafits  W- ) as 


(A-S) 


(before  averaging  and 


S 'Vi 

j=* 

* I I Wt 

j=l  t=l 

J J 

= y y \Y-W(  AjA(  cos  (0J  - 0C) 

FI  £=! 

M M J J. 

= S Z Z Z "jamjwc  ant ccs  <dmj  “ °r.C> 
m=l  n=l  j=  I 5=1 

V.  J J 

= I I I WjamjW£  3mf  cos  *^mj  ~ ^mC* 
m=l  j=l  C=1 

M-I  M J J 

J III  Wjamjwtantc«Wnu-V  • ,A*‘ 

rr.=  1 n=m-rl  j=l  £=1 
■> 

where  the  operator  : * - represents  the  complex  product  and  where  the  first  term  in 
F.q.  ( A-9)  represents  the  same  path  contributions  and  gives  a linear  superposition  of  the 
formed  beams  The  second  term  in  fiq.  (A-9)  represents  the  cross-path  contributions, 
and  unless  the  presence  of  many  paths  causes  this  term  to  average  to  zero,  it  will  represent 
a distortion  of  the  sidclobe  structure  (which  becomes  apparent  when  4»  is  varied  from  «t» 
through  all  its  values). 
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(L‘)  The  classical  coherence  (7^)“  between  sensor  groups  j and  C could  be  svnop- 
si/.ed  by  the  coherence  coefficient 


J J 

c.-J-V  \ 


2 iy*'~ 


(A-10) 


J"  j=l  t=l 


However.  <7^  t-  mixes  the  amplitude  Aj  and  phase  Oj  of  the  j1*1  sensor  group  signal  plus 
noise  F:  in  a manner  which  is  difficult  to  interpret  in  terms  of  the  causes  of  the  array 
performance  degradation.  Therefore,  the  phase  and  amplitude  are  separated  b\  a quadrature 
detector  and  0j  is  found  xia  F.q.  t A-4)  and  Bf<l>  I.  Then  the  arrax  coherence  between  the 
j1*1  and  C1*1  sensor  groups  is  defined  as 


( A-l  1 ) 


| 

I 


{.\y\  COS  <0j  -0-O) 
<Aj>  oy 


(A- 11a) 


_ <Aj-V 

vAj>  lA.  > 


fcos  1 Qf-Q^i 


under  the  Talpex  decorrelation  assumption  (see  Ref.  l“l 

0\-Av  cos  10-  - 0^ ))  = (AjAy)  fees  (0-  -0^1).  (A-l  2) 

•x here  .VA,'  is  an  element  of  the  amplitude  correlation  matrix  and  (cos( 0 -~0r )>  is  an  element 
J »0.-0f)  J 
ot  the  phase  coherence  matrix.  Defining  Re  xA^A^  e J )i  as  the  array  coherence  would 

have  allowed  »he  scatter  of  (AjA^.)  1 due  to(A^)  — (A^>)  to  confuse  the  good  quality  of  the 
i.oheren«.e  that  in  u-uiallx  present.  The  Talpex  decorrelation  assumption  that  was  applied  in 
1 q.  (A-l  lb)  is  not  meant  to  miplx  that  A^  and  i)}  are  statistically  independent,  but  only  th3t 
the  quantities  AjA^  and  cmiOj-D^I  are  at  most  weakly  correlated,  so  that  Hq.  (A-l  2)  is  just 
a good  approximation.  The  Talpex  decorrelation  assumption  was  tested  sxnopticallx  by  the 
Talpex  coefficient 


1 


J(J  -1) 


y Y <AjAt  cos(0--0tc 

- — * — ' (A-Ar)  fcos(0-0rf 

J=l  V=J-rl  ) ' J ' 


(A-I3) 


jnd  found  to  be  gcnendlx  justified  (i.c..  Cj  is  usuailx  near  unify)  as  shoxxm  in  the  tables  in 
Refs.  10  through  13.  However,  for  reservations  on  the  application  of  C-j-  in  the  North- 
xxestem  Indian  Ocean,  see  Ref.  1 2. 
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(U)  The  output  fc  of  a standard  processor  (i.e..  the  beamformed.  squared  and 
time-averaged  output)  can  be  written  in  the  useful  form  (with  the  Talpey  decorrelation 
assumption): 


i:  = Y 


(Aj*>  + 2 


(A- 14) 


The  amplitude  correlation  matrix  |(A  A^>1  is  related  to  the  composite  amplitude  nonhomo- 
genity.  The  phase  coherence  matrix  f<cos(0j-G(i)>l  evinces  the  relative  array  distortion  due 
to  wavefront  corrugation  (i  c..  nonplanar  arrivals)  and/or  arrav  deformation.  The  amplitude 
nonhomogeneity  that  results,  through  multipath  addition,  from  a linear  superposition  of 
arrav  signal  plus  noise  cannot  be  decomposed  through  amplitude  correlation  techniques  and. 
therefore,  these  techniques  cannot  be  used  to  study  their  effects  on  the  outputs  of  linear 
fceamformers;  they  can  only  treat  their  effects  on  the  outputs  of  arrays.  (This  applies  to 
phase  coherence  but  not  to  array  signal  gain:  see  below.)  The  components  of  the  linear 
superposition  of  arra>  signal  plus  noise  are  simply  acted  on  individually  by  the  beamformer 
as  shewn  in  Hq.  (A-9).  Therefore,  neither  the  amplitude  correlation  matrix  ((AjA^)) . nor  the 
normalized  amplitude  correlation  matrix  ! (AjA^/(Aj>  (AjTJ . nor  the  phase  coherence  matrix 
lwos(0J-dvl)i  can  predict  the  results  at  the  output  of  a linear  beamformer  from  their 
behavior  at  the  output  of  the  array  sensor  groups  alone.  Thus,  the  array  signal  gain  will 
be  considered  later  since  it  gives  the  results  at  the  beamformer  output. 

(U)  To  facilitate  treatment  of  the  large  coherence  data  base  for  BhARING  STAJCH. 
five  sv  noptic  measures  of  performance  (in  addition  to  Cj)  have  been  devised.  The  degree 
of  amplitude  fluctuation  due  to  correlated  amplitude  fluctuations  can  be  synopsized  b>  the 
normalized  standard  deviation  2!  which  is  defined  as 


v = O * • 

“A"  *'■  A_ 


(A-15) 


where 


-i  j -» 

= — > ((A:  - (A;»-> 
A j Z-  J J 

j=I 


(A- 15a) 


y <{5Aj>:> 


(A-15b) 


[when  liq  (A-6)  is  assumed  j and 


a3  s}  x <v  • 

j=l 


(A-16) 
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Normalizing  by  Aa  avoids  changes  in  the  propagation  conditions  from  biasing  the  measure 
- .y  The  smaller  i is.  the  smaller  the  amount  of  amplitude  fluctuation  present.  The 
degree  of  array  nonhomogeneity  ibut  not  the  degree  of  its  sidelobe  distorting  influence) 
can  be  synopsized  by  the  nonhomogeneity  coefficient  Cn  which  is  defined  as 


i 

j 

V 

(A:>  - A, 

• 

j a 

C 

and  equals  zero  for  a homogeneous  sound  field. 

<U>  It  is  useful  to  synopsi/e  an  upper  bound  for  the  array  coherence  y^  by  means 
of  F.q.  I A-  lib*.  First  form  for  any  ie  i 1 J j. 


j_v  ivv  i y ^v-V 

J Z.  <,VCV-  "j  L <Aj> 0\j> 


T-  <SV'V 

!=1 


J — 1 

J-i 


= 1 * ^A  " ( i 

via  Fqs.  tA-(>).  tA-l<»).  c A-!.'b)  and  ‘ A- 1 5 ) as  well  a-- 

J,  J 

^ <&Aj&Aj>  < N <I«A|»:'  . 
j=l  Pi 


(A-1S) 


Thus.  ( v svnops/es  the  normalized  amplitude  matrix  | (A|Aj>  (AjHA 
encc  matrix  1 7.;  1 . Next  define  the  phase  coherence  coefficient  C as 


1A-19) 

^1  of  the  arrav  cohcr- 


J J 


cP=~y  y .><1 

J~  j=l  V=! 


(A-:o> 
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= B(4»)  (A-20a) 

via  Hqs.  (A-3)  and  (A-4).  Tlius.  Cp  synopsizes  the  phase  coherence  matrix  (<cos(0p0j)>l 

and  the  arrav  coherence  coefficient  C\ 

7 

C7  = CvCp  . (A-21) 

synopsizes  the  array  coherence  matrix  (7jj  j in  terms  of  Z and  Cp 


A.3  (U)  ARRAY  SIGNAL  GAIN 

*1  . *> 

(U ) The  array  gain.  ag.  is  by  definition  the  ratio  of  the  signal  (S~>  to  noise  (N~> 
power  ratio  of  the  arra\  beamformer  output  to  the  signal  (s~>  to  noise  <n_>  power  ratio  of  a 
single  element,  i.e.. 

(5~>  (N ")  ass 

a s = s— =-  . (A-22) 

<s~>  <n~>  r‘ 


where 

72  = <N~>  <n~>  (A-22a) 

and 

asg  = <S~)  <s~>  (A-23) 

is  the  array  signal  gain.  or.  in  decibel  units. 

ASG  = i 0 log  j q asg . I A-24 ) 


For  a weighted  (by  Wjj  array,  the  asg  will  he  taken  to  be 


asg  = 


J 

N W,  \\\.  (A: A{  cost 5 --Or )) 
j=i  t=i 


VyW’t  - 1 ( P 

Aj-Ar  — Aa 


(A-25) 


(2-25a) 
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F rom  hq.  <A-25a)  it  is  seen  that  Cp  can  be  interpreted  as  the  3rray  signal  gain  for  a phase- 
only  beamtomier:  see  Hqs.  (A-3)  and  (A-20a).  Note  that  the  phase  incoherence  of 
\cos(0j-<?^)>  and  the  amplitude  nonhoinogeneitx  reduce  the  ideal  array  signal  gain  of  0 dB 
to  the  actual  array  signal  gain  of  hq.  (A-24).  When  the  array  amplitude  response  is  ideal 
(i.e..  Aj  - A.  tor  all  je[  1 J] ).  the  ideal  army  signal  gain  is  still  directly  reduced  by  the 
phase  incoherence.  When  the  array  has  perfect  phase  coherence,  the  ideal  arra\  signal  gain 
is  still  reduced  b\  the  array  amplitude  nonhomogeneitj.  and  amplitude  fluctuations.  As 
expected,  when  the  array  response  is  both  phase  coherent  and  homogeneous  (i.e.. 

A;>  = .•Yjh  the  ideal  arra>  signal  gain  occurs  if  the  amplitude  fluctuations  are  negligible, 
i.e..  Aj  = Aa.  The  advantage  of  Hq.  (A-25)  (i.e..  incorporating  both  phase  coherence  and 
amplitude  homogeneity  into  an  array  signal  gain  expression)  over  giving  quantities  at  the 
output  of  just  the  array  (such  as  phase  coherence)  is  that  it  gives  the  performance  degrada- 
tion tor  a conventional  linear  bcamfomier  at  its  outnui. 
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MEMORANDUM  FOR  DISTRIBUTION  LIST 

Subj : DECLASSIFICATION  OF  LONG  RANGE  ACOUSTIC  PROPAGATION  PROJECT 
(LRAPP)  DOCUMENTS 

Ref:  (a)  SECNAVINST  5510.36 

Enel:  (1)  List  of  DECLASSIFIED  LRAPP  Documents 

1 . In  accordance  with  reference  (a),  a declassification  review  has  been  conducted  on  a 
number  of  classified  LRAPP  documents. 

2.  The  LRAPP  documents  listed  in  enclosure  (1)  have  been  downgraded  to 
UNCLASSIFIED  and  have  been  approved  for  public  release.  These  documents  should 
be  remarked  as  follows: 

Classification  changed  to  UNCLASSIFIED  by  authority  of  the  Chief  of  Naval 
Operations  (N772)  letter  N772A/6U875630,  20  January  2006. 

DISTRIBUTION  STATEMENT  A:  Approved  for  Public  Release;  Distribution  is 
unlimited. 

3.  Questions  may  be  directed  to  the  undersigned  on  (703)  696-4619,  DSN  426-4619. 


BRIAN  LINK 
By  direction 
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